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GES I N  PERSONmL 
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TITLE : DYNAMIC SIMIURITY I N  ELBOW FLOW KETERS 

LINE PROJFCT: SWC Wl0 gG-7 CODE NO, :  Ariz,-WCL-2 

INTRODUCTION: 

See Annual Report  f o r  1966, 

The p r o j e c t  was n e a r l y  i n a c t i v e  excep t  f o r  t h e  p r e p a r a t i o n  of 

a paper  r e p l y i n g  t o  q u e s t i o n s  r a i s e d  by d i s c u s s e r s  oE t h e  o r i g i n a l  

paper  and some c o n t i n u a t i o n  o f  t h e  s e a r c h  f o r  s u i t a b l e  i n t e g r a t i n g  

d e v i c e s  t h a t  w i l l  o p e r a t e  w i t h  t h e  elbow mete rs  and c e r t a i n  o t h e r  

d i f f e r e n t i a l - h e a d  m e t e r s ,  The paper  r e p l y i n g  t o  t h e  d i s c u s s e r s  

w i l l  appear  i n  a  f u t u r e  i s s u e  of t h e  J o u r n a l  05 t h e  I r r i g a t i o n  and 

Drainage D i v i s i o n ,  ASCE, 

PROCEDURE : 

Minor m o d i f i c a t i o n s  were made t o  t h e  p i p i n g  system i n  t h e  

h y d r a u l i c s  l a b o r a t o r y  t o  pe rmi t  i n s t a l l a t i o n  of t h e  10- inch p i p e  

elbows s o  t h a t  t h e  i n t e g r a t i n g  d e v i c e s  could  be checked f o r  opera -  

t i o n a l  problems. 

RESULTS AND DISCUSSPON: 

The t u r b i n e - t y p e  mete r  t h a t  was t e s t e d  e a r l i e r  as a n  i n -  

t e g r a t i n g  d e v i c e  ( s e e  Annual Report  f o r  1966) f a i l e d  t o  t u r n  f r e e l y  

a f t e r  i t  had remained i n s t a l l e d  bu t  i d l e  f o r  s e v e r a l  months. S i n c e  

i t  was a  s o - c a l l e d  "wethead" mete r ,  t h a t  i s ,  wa te r  was p e r m i t t e d  

t o  c i r c u l a t e  through t h e  d i a l  mecnanism, t h i s  r e s u l t  was n o t  s u r -  

p r i s i n g .  

What a p p e a r s  t o  b e  a  s u p e r i o r  meter  a t  approx imate ly  t h e  same 

c o s t  has  r e c e n t l y  become commercially a v a i l a b l e .  T h i s  meter  i s  a  

dryhead,  t u r b i n e - t y p e  mete r  t h a t  t r a n s m i t s  t h e  t u r n i n g  t o r q u e  T O  

t h e  d i a l  mechanism m a g n e t i c a l l y  s o  t h a t  no r o t a t i n g  f l u i d  s e a l s  

a r e  r e q u i r e d .  T h i s  mete r  has  been purchased and has  been i n s t a l l e d  

on a  LO-inch elbow mete r  b u t  h a s  n o t  y e t  been o p e r a t e d  i n  s u f f i c i e n t  

t e s t i n g  s i t u a t i o n s  f o r  e v a l u a t i o n ,  
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The low d i f f e r e n t i a l  p r e s su re s  produced by t h e  l a r g e r  elbows 

a t  t h e  flow r a t e s  p o s s i b l e  wi th  t h e  p re sen t  l abo ra to ry  E a c i l i t i e s  

presented some problems. The shunt-metering loop i n t o  which the  

t u r b i n e  meter was i n s t a l l e d  (Figure 1) would n o t  s e l f -pu rge  of a i r  

except  a t  t h e  very  h ighes t  flow r a t e s ,  because t h e  d i f f e r e n t i a l  

p r e s su re  was i n s u f f i c i e n t  t o  s t a r t  t h e  flow over  t h e  he igh t  of t h e  

meter  loop. This  can be overcome by priming t h e  shunt-meter ing 

loop manually, o r  by shor ten ing  t h e  he igh t  of t h e  meter  loop t o  

f a c i l i t a t e  s e l f  priming, 

S ince  t h e  l a r g e r  elbow s i z e s  do no t  q u i t e  correspond t o  a  

square- root  r e l a t i o n ,  t h e  e r r o r  i n  accumulating an i n t e g r a t e d  t o t a l  

f low w i l l  be  l a r g e r  than wi th  t h e  3-inch s i z e  elbows, but  should 

remain w i th in  a n  accep tab l e  1 5 %  l i m i t  i f  t h e  flow range does no t  

f l u c t u a t e  widely.  

SUMMARY AND CONCLUSIONS: 

Resu l t s  of t h e  s tudy  on p ipe  elbows a s  flowmeters have been 

publ i shed .  The r e p o r t  summarizes t h e  f i nd ings  from t h e  i n v e s t i g a t i o n s  
0 

of a  number of  commercially a v a i l a b l e  90 -f langed elbows of s e v e r a l  

s i z e s ,  ranging from 3  inches  t o  12 inches i n  diameter  which were 

c a l i b r a t e d  a s  f low meters .  The accuracy t o  which a  c a l i b r a t i o n  

equa t ion  was p red i c t ed  us ing  only t h e  nominal elbow s i z e  and the  

average  c a l i b r a t i o n  r e s u l t s  of  s e v e r a l  s i m i l a r  elbows was determined 

t o  be 3 5%, This  accuracy was improved t o  1: 3% when p r e c i s e  measure- 

ments of t h e  elbow diameter and r a d i u s  of bend were ob ta ined  and 

incorpora ted  i n t o  t h e  c a l i b r a t i o n  equa t ion ,  A r e l a t i v e l y  s imple 

and inexpensive method f o r  a c c u r a t e l y  determining t h e  r a d i u s  of 

bend wi th  c a s t i n g  p l a s t e r  was descr ibed ,  

E f f o r t s  a r e  cont inu ing  toward inco rpo ra t i ng  a  low-cost,  i n -  

t e g r a t i n g  device  w i t h  t h e  elbow flowmeter t o  convert  i t  from a  r a t e  

device  t o  a  t o t a l - q u a n t i t y  meter .  A household-type water  meter 

of t h e  newer t u r b i n e  des ign  was operated a s  a shunt  meter f o r  

s e v e r a l  weeks then remained i d l e  f o r  s e v e r a l  more weeks, Because of 
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t h e  "wethead" f e a t u r e  of t h e  meter ,  t h e  gear ing  mechanism was 

exposed t o  t h e  water  flow and t h e  meter f a i l e d  t o  r e s t a r t .  Turbine 

meters  of t h e  dryhead type  t h a t  u se  magnetic l i nkage  and no r o t a t i n g  

l i q u i d  s e a l s  a r e  being t e s t e d .  Resu l t s  appear  promising but  have 

no t  been f u l l y  eva lua ted .  

PERSONNEL: J. A .  Replogle  
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Figure 1, Typical shunt meter installation across an  

elbow flowmeter. 
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TITLE: TLON AND INClUiASE 

LINE PROJECT: SWC W7-gC4 E NO,: Ariz,-WC 

Observations and measurements were continued at the Granite Reef 

testing site in the evaluation of different surface treatments fos 

increasing precipitation runoff, No work was performed on the exist- 

ing operational water harvesting insta the exception of 

the Blue Mountain catchment ich was retreated, The other catctments 

were inspected to observe the weak ering performance of the treatments, 

New field installations consistc ual-purpose catch- 

ment and storage units installed near FEagseaff, Arizona, in coopcra- 

tion with the Forest Service; a. one-half acre catchment near Seneca, 

Arizona; and establishment of a 50 acre test site near Bylas, Arizona, 

in cooperation with the Bureau of Indian Affairs and the San Carlos 

Apache Indian Reservation, boratory studies were concerned wi.tl1 

evaluating the relative resistance of lo stabilizers to 

erosion by simulated raindrops, 

PART 1, SOIL STmZLTZATION, 

Preliminary results reported in the 1966 nual Report indicated 

that a soil stabilizer combined with a water repellent can increase 

runoff and at the same t h e  reduce the erosion hazard, Although a 

satisfactory low-cost stabilizer for this purpose has not previously 

been available, there are resin eml.sions and solutions that may bc 

suitable, For reasons of economy, only materials dispersed or dis- 

solved in water were considered, 

Procedure:: 

Granite Reef soil, sieve through a 2,0 m sieve to remove coarse 

sand and gravel, was packed into 15 X 90 m glass petri dishes, Two 

65 g increments of soil at 8% water content were packed in each dish, 

Each increment received 10 blows of a 58 g weight falling 30 cm on 

a 15 mm diameter tamping foot, resulting in a bulk  density of Z,4, 
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0 
The s o i l  was d r i e d  a t  49 C f o r  24 hours before  t reatment  with t h e  

r e s i n  s o l u t i o n s  o r  emulsions, A p i p e t t e  was used t o  apply q u a n t i t i e s  

of 20 g o r  more f l u i d  per  d i s h ,  Treatments of 10 g o r  l e s s  were 

app l i ed  by spraying  and t h e  s o i l  sample was weighed before  and a f t e r  

t he  a p p l i c a t i o n  t o  v e r i f y  t h e  a p p l i c a t i o n  r a t e ,  Treated s o i l  samples 
0 

were d r i e d  a t  49 C f o r  24 hours before  making e ros ion  measurements, 

Erosion r e s i s t a n c e  of t r e a t e d  and u n t r e a t e  s o i l  was measured 

by sub jec t ing  them t o  drops of water  5 ,9 diameter f a 1  

tance  of 2,O meters  a t  a r a t e  of 8 drops per  minute,  The water 

drops f e l l  through a 10 crn 1, p k x i g l a s s  tube and a l l  drops impacted 

on t h e  s o i l  w i th in  a l , 0  crn diameter a r e a ,  S a i l  samples were p lace  

i n  a l a r g e  g l a s s  beaker under t h e  d r ippe r  wi th  the  s o i l  su r f ace  a t  

about a 10% s lope ,  Eroded s o i l  p a r t i c l e s  were v i o l e n t l y  impacted 

onto the  wa l l s  of the  beaker and were r e a d i l y  de t ec t ed  v i s u a l l y  even 

when t h e  amount of e ros ion  was too  smal l  t o  be de t ec t ed  by weighing 

the d r i e d  s o i l  samples be fo re  and a f t e r  t h e  d r ippe r  t e s t ,  I n i t i a l  

measurements involved t h e  amount of e ros ion  caused by va r ious  nwnbers 

of drops,  It w a s  subsequent ly h a t  a s a t i s f a c t o r y  m a l e r i a l  

should prevent  any e ros ion ,  Acc a l l  s o i l  samples were sub- 

j ec t ed  t o  600 drops over a per iod  of 75 minutes and any s i g n  of 

e ros ion  was considered t o  be a f a i l u r e ,  

Resul t s :  

Untreated s o i l  samples eroded r a p i d l y ,  Approximately 50 drops 

eroded a c r a t e r  completely through the  s o i l  t o  t h e  botkom of t h e  

p e t r i  d i s h ,  *It i s  considered t h a t  the  use  of t h i s  s a i l  under t he  

imposed condi t ions  c o n s t i t u t e d  a s eve re  t e s t  of t h e  s t a b i l i z i n g  

m a t e r i a l s  a s  descr ibed  i n  t he  fo l lowing  paragra 

Ma te r i a l  1 was a water s o l u b l e  e thylene  maleic  anhydride co- 

polymer t h a t  had r e p o r t e d l y  been used i n  Canada f o r  roadbed s t a b i l i z a -  

t i o n ,  A l l  a p p l i c a t i o n  r a t e s ,  up t o  20 g of 15% s o l i d s  so lu t ion ,  

eroded seve re ly ,  
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Material 2 was a petroleum resin emulsion sold commercial_ly 

for preventing wind erosion of sandy soils, xhum application 

recommended by the manufacturer equals about 40 g of 15% solids 

emulsion per petri dish, All applications, including 30 g of 30% 

emulsion, eroded severely, 

Material 3 was a urea-formaldehyde formulation of 30% formalde- 

hyde, 37,5% urea and 32,5"/,ater by weig is material reacts 

to form a hard compound with low water solubility, It is potentially 

attractive because of its low cost, Unfortunately, the reaction 

can be delayed or reduced by elements naturally present in soil, 

Soil treated with l3,5 g of 67,5% U-P ero 

four weeks curing in a 3-20 F oven, 

Material 4 was an emulsion of an unknown plastic resin sold 

commercialLy for control ing wind and rain erosion of fine materials, 

Erosion was stopped by an application of 5 g of 2 % emulsion, All 

treated soil samples, including 20 g of 20% emui.sion, crumbled 

easily upon drying, 

Material 5 was the butyl latex emulsion described in the 19G6 

Annual Report, Erosion was stopped by 5 g of 20% solids emulsion, 

Field tests have shown that this material eteriorates rapidly upon 

exposure to sunlight, 

Material 6 was a cationic polyethylene e Ision, The surfactant 

used as an emulsifier is water repellent and treated sampLes were 

hydrophobic to various degrees, Applications of 20 g of 20% solids 

emulsion stopped erosion but the dry treated soil crunbled easily, 

Material 7 was a cationic emuision of softer polyethylene ~ h a n  

that used in material 6, Twenty gr ids stopped erosion, 

Despite the use of softer resin the dry treated soil was easily 

crumb led, 

Material 8 was a polyvinyl acerate e lsion, Five grams of 20% 

solids stopped erosion, The wet soil was soft but dry treated soil, 
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particuilarLy at higher ratcs oi a p l i c a t  ion, was inLo a kough 

pavement, 

terial 9 was a vinyl acry Ision, Five grams 

s stopped erosion, 

at higher application ratcs 

showed signs of fine 

was a vinyl acetat.. 

erosion, As w i h h  material 9, the wet soil 

er application rates s 

soiL was dried, 

Material 11 w 

is soluble in cold water, A 1 1  

2 was a 1zEgi"i 

is soluble in hot  water 

icatian of 14 g 
2 

resin per m . 
The above tests indicate t h a t  materia rough 7 and L l  arc 

not satisfactory soil stabhiizers For our ose, MareriaZs 8, 9, 

10 and 12 have .uated for relative resis tancc 

to mechanical esistance to weat 

Soil treated with 

the water repellent use 

to various numbers of drops, Erosion 

below that occuring with untreated soil, Fr 

a m  were made on soil sanp le s  treated with 

water repeLlene, kl of the promising 

e comhined and 
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applied as d single mixture, The anount oP stabilizer required to 

stop erosion is not re 

which is not greatly r 

in 1968, 

T h i s  c a t c h e r i t ,  a wo-phase aspha 

treatment, was initial Ly installed d u r i n  rr of 1964,  Two 

years later in June L96 maintenance was *LO repai r  s h  r i r l  itage 

cracks in the pavement, The catchment was i l c n t  condition 

when inspec tc 
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The c r c a t m e n ~  of t he  Me a t e  ca t . chen t ,  i r r -  

s t a l - l ed  during the  summer of 1965, cons is ted  of 2 m i l  

e thy lene  bonded t o  a s p h a l t  s tab iLized  s o i l ,  'I?nis t rea tment  was i n  

poor condi t ion  tihen inspec ted  3 l  January 1967, e r e  were numerous 

ho le s  i n  t h e  shee t ing ,  s e v e r a l  approxinlate 

Three Yucca p l a n t s  were growing through the  pavement, It was a l s o  

ev ident  that. a spha l t  was migra t ing  t 

ing ,  The a s p h a l t - f i b e r g l a s  lLning f o r  t h e  r e s e r v o i r  appeared water- 

t i g h t  bu t  t h e  r e s e r v o i r  was leaking ,  7 the  leak was 

found t o  be through t h e  r e s e r v o i r  o u t l e t ,  R e c  enda t ions  were made 

t o  BZP, personnel  f a r  r e p a i r  of t he  out. 

r epa i r ed  the  catchment wiL 

of 1965, The shee t ing  was i n  good con 

weathering damage and i s  easy  t o  r e p a i r  i f  mechanically damaged, 

The r e s e r v o i r ,  which i s  Lined wi th  the  s e ma te r i a l ,  was i 

cond i t i on  a t  time of i n s p e c t i o  minor r e p a i r  an 

t h e r e  was one smal l  ho le  next  t o  t he  out 

Mescal Catchment, e Mescal catchment, covere wi th  20 m i l  

ene, was i n  goo cond i t i on  when inspec ted  on 31  

January 2967, There were approximately 25 sma.l.1. o l e s  caused by 

varmints ,  It appears  t e shee t ing  a t t r a c t s  smal I. animals that  Lear 

small holes  i n  t e m a t e r i a l  f o r  unkno 

r e p o r t  i t  i s  necessary  t o  perform mai 

i n t e r v a l s ,  Even wi th  t h e  rnain~enancc they be l i cvc  ;his 

t o  be a very  succes s fu l  catchment, 

TWO ~ I u a L - p ~ ~ p o s e  c a t c h e n t  and s to rage  

u n i t s  were i n s t a l l e d  i n  coopera t ion  w i t h  r Fo res t  Servicc 
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n e a r  F l a g s t a f f ,  Ar izona ,  These u n i t s ,  insLaLled 5  A p r i l  1967, were 

des igned  t o  p r o v i d e  w a t e r  f o r  w i l d l i f e  and f o r  f i g h t i n g  f o r e s t  f i r e s  

by p r o v i d i n g  emergency w a t e r  s u p p l i e s  at. s t r a t e g i c  l o c a t i o n s  i n  t h c  

f o r e s t ,  Each u n i t  c o n s i s t s  of a 6 , l  X 6 - 1  m c a t c  e n t  and a  5600 

l i t e r  s t o r a g e  bag ,  e  catchment and hag were b o t h  c o n s t r u c t e d  from 

20 m i l  ny lon  r e i n f o r c e d  b u t y l ,  F i r e  f i g h t e r s  can o b t a i n  w a t e r  from 

t h e  bag through a  T-valve i n s t a l l e  etween t h e  bag and 

w a t e r i n g  t r o u g h ,  These u n i t s  were s u c c e s s f u l l y  used f o r  w i i d l i f e  

w a t e r i n g  d u r i n g  t h e  summer of 1967, To d a t e ,  i t  h a s  no t  been neces-  

s a r y  t o  u s e  t h e  w a t e r  f o r  f i r e f i g h t i n g ,  

i s  catcl-?mc:nt is  a  new i n s  LaLLal i o n  on the 

San C a r l o s  I n d i a n  R e s e r v a t i o n  n e a r  Seneca, Arizona,  i n s t a  

c o o p e r a t i o n  w i t h  t h e  Bureau of I n d i a n  f f a i r s  and t h e  Anchor Seven 

C a t t l e m e n ' s  A s s o c i a t i o n .  The i n s t a l l . a t i o n  c o n s i s t s  of a  1935 m 
2 

catchment a r e a  a n  0  l i t e r  s c o r a g e  r e s e r v o i r ,  The c a t c h t e n t  

i s  on an 8-10% s l o p e  w i t h  a  good c o v c r i n g  of g r a s s ,  W e  p l a n  t o  burn 

t h e  g r a s s  and t reat  t h e  u n d i s t u r b e d  s o i l  with a w a t e r  r e p e l l e n t -  

s o i l  s t a b i l i z e r  t r e a t m e n t  i 

On 26 June  1967 t h e  r e s e r v o i r  was l i n e d  w i t h  20 mil ny lon  r e i n -  

f o r c e d  b u t y l  s h e e t i n g ,  A p r e c a l i b r a t e d  -notch,  c r i t i c a l  d e p t h  flume 

w i t h  a  c a p a c i t y  range  of O , Q i  t o  L c f s  was i n s c a l l e d  t o  measure 

runof f  from t h e  p l o t  i n t o  t h e  r e s e r v o i r ,  The flrrme i s  equipped w i t h  

a s t r i p - c h a r t  wa te r  s t a g e  r e c o r d e r  c a p a b l e  of o p e r a t i n g  90 days 

u n a t t e n d e d ,  The r e c o r d e r  i s  modi f i ed  t o  r e c o r d  r a i n f a l l  amounts a s  

sensed  by a  t i p p i n g  b u c k e t  r a i n g a g e ,  For t e  p e r i o d  of 7 J u l y  1967 

through 1 2  December 1967, a  t o t a l .  of 244,4 nm of r a i n  was recorded,  

w i t h  116.2 d u r i n g  J u l y  and 38,O mm on 27 J u l y  1967, The runof f  d a t a  

have n o t  been a n a l y z e d ,  

O r i g i n a l  p l a n s  c a l l e d  f o r  t r e a t i n g  t h e  c a t c l m e n t  i n  t h e  fa1  L of 

1967, The t r e a t m e n t  w i l l  r e q u i r e  approx imate ly  10,000 L i t e r s  o i  

w a t e r  and we planned t o  u s e  t h e  r e s e r v o i r  l i n i n g  a s  a  r a i n f a l l  c a t c h -  

ment t o  o b t a i n  t h e  n e c e s s a r y  q u a n t i t y  of w a t e r ,  An i n s p e c t i o n  t r i p  
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on 18 Septeniber showed that well over 10,000 Liters of wacer had been 

collected, Unfortunately, z bear had climbed into the reservoir Por 

a bath and tore the ining while climhi back out. Most of the 

water was lost, The darnaged lining was repaired by 

and it is hoped sufficient water will be collected 

1968 to permit treating the catchment, 

PART In ,  

The Monument Tank testing site is a new installation on the San 

Carlos Indian Reservation appro bate3.y 40 mi es east of Globe, 

Arizona, in an estimated 400 rainfall zone, The installation wiL1 

be used for large scale field evaluation of bow cost water harvesting 

treatments, e site is a cooperative ins allation between the San 

Carlos Apache Indian Tribe, Ash Creek Cattlemen's Association, the 

Bureau of Indian Affairs an c U, S, Water Gonse ation Laboratory, 

The site consists of approximately 3 

hectares (50 acres) fence isting earth reservoir which 

has a storage capacity of 16, 3-15 acre feet), With- 

in the fenced area, three separatc waters s ranging in size Erom 2 

hectares to 4 hectares 5 acres to 9 acre have been selected for 

study, A fourth waters ed of 8 hectares extends outside 

the fenced area, 

Procedure, 

On two of the watershedsg No. 1 and No, 4, the runoff water flows 

down the natural channel to the measuring point, Csn watersheds No, 2 

and No, 3 the runoff water is intercepted in lined collection ditches 

before reaching the natural channels, These ditches, each approxi- 

mately 300 m long, were consi-.ructed w i t  ozer  and roadgrader, 

After construction the ditches were sprayed with water to settle 

the dust and partially compact the sail, The ditches were then 

sprayed on 15 &zy 1967 with RC-70 cut ack asphalt at a rate of 2,L m 
- 2  

kg actual asphalt m inspection trip two weeks later showed 
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the asphalt- had penetrated approximately 6 to 18 m with very little 

asphalt left on the soil surface, 011 5 June 1967, MC-250 cutback 
2 

asphalt was sprayed on the ditches at a rate of 1,9 kg asphalt m . 
This asphalt remaine essentially on the soil surface, 

Each of the four watersheds bas a Y-notch, critical depth fLume 
3 - 

with a capacity range of 0,003 to 2,3 m sec 0,1 to 80 cfs), 

These flumes ere constructed at the oratory and assembled at 

the site, Each flume is equi ped with a strip-chart water stage 

recorder capable of running for 90 days unatten.de ther instrumen- 

tation at the site consists of 10 storage type raingagcs, one vector 

pluviorneter and one mecbanical weather station which recor 

speed, wind direction, air temperature a rainfall as sensed by a 

Lipping bucket raingage, The mechanical weather station is able 

to run unattended for 30 days, 

Runoff will be measured from the untreated watersheds for a 

period of 1 to 3 years to determine the runoff from untreated soil, 

Channel losses for watersheds 1 an l be determined by compari- 

son with 2 and 3 where there will be no channel losses, Subsequent 

treatments will be determined after stu treated watershed 

performance and evaluating other field and laboratory data, 

Results t: 

The flumes were installed on 9 tober 1967, The limited runof 1 

data collected to date have not been analyzed, A storage raingage 

installed at the site has collected a total of 364 m of rain from 

21 March 1967 through 10 January 1968, 

PART IV, GRANITE REEF TESTING SITE, 

During the sununer of 1967, the ridge and furrow plots R-5 through 

R-8 were reshaped to a 5% Longitudinal slope and zero s ide slope, and 

four 6 m X 30 m plots were installed, These are i a h e l l e d  "A" plots, 

Fifteen new plots, 1,25 m x 8 m each, were constructed to replace the 
2 

old 9,3 n plots, Steel borders were placed around all the new plots 

and the old L-Plots to better define the catchment area and improve 

the accuracy of the runoff measurements, 
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Data from t h e  ra ingage  network have not  been completely analyzed,  

Prel iminary ana lyses  i n d i c a t e  up t o  a  10% v a r i a t i o n  i n  r a i n f a l l  per  

storm wi th in  t h e  t e s t  a rea ,  bu t  t h e r e  i s  no c o n s i s t e n t  p a t t e r n  t o  

the v a r i a t i o n ,  Pending complete r a i n f a l l  p a t t e r n  a n a l y s i s ,  runoff 

from the  p l o t s  is  compared t o  t he  s tandard  20-32 cm s to rage  raingage,  

For t he  year  a  t o t a l  r a i n f a l l  of 272,l  was measured i n  23 sepa ra t e  

storms. Following a r e  t he  r e s u l t s  of the  runoff measured from t h e  

d i f f e r e n t  p l o t s ,  

Esso P l o t s ,  The fou r -p lo t  t e s t  u n i t  cons t ruc ted  i n  cooperat ion 

with Esso Research Corporat ion of Linden, New Jersey ,  i n  December 3.964, 

wi th  a  one-phase t rea tment  of Eas te rn  a spha l t ,  has  l a s t e d  cons iderably  

longer  than was expected,  For the  year ,  P l o t  E -1  t r e a t e d  with L,95 kg 
- 2  

a s p h a l t  m averaged 72% runof f ;  p l o t  E-2 t r e a t e d  wi th  l , 85  kg a s p h a l t  - 2 - 2 
m averaged 62% runof f ;  and p l o t  E - 4  t r e a t e d  w i  h  2,2 kg a s p h a l t  m 

averaged 75% runof f ,  Runoff from t h e  p l o t s  i s  approximately 10% lower 

than the  runoff  i n  1966, The a s p h a l t  i s  now cracking  and breaking up 

and runoff i s  expected t o  decrease  more r a p i d l y ,  

Paved P l o t s ,  Treatments appl ied  t o  t h e  paved p l o t s  a r e  l i s t e d  i n  

Table 1 and t h e  runoff r e s u l t s  a r e  presented i n  Table 2, 

The bonded, 1 ,5  m i l  b l ack  polyethylene on P l o t  L-la f a i l e d  i n  

i t s  o r i g i n a l  purpose. It had been hoped t h a t  t h e  F i l m  would e l imina te  

t h e  d i s c o l o r a t i o n  of runoff  water From aspha l t  pavements caused by 

t h e  d e t e r i o r a t i o n  of a s p h a l t ,  The t h i n  polyethylene,  wl~ich i s  e a s i l y  

bonded t o  t he  s o i l  wi th  a spha l t ,  should prevent  t he  underlying a s p h a l t  

from ox id i z ing ,  It was found, however, t a t  t h e  bonding a spha l t  

migrated through the  f i lm,  oxidized on t h e  f i l m  su r f ace ,  and d i s -  

co lored  the  runoff  water ,  Ey J u l y  1967 the  29 month o ld  f i l m  - 

was becoming b r i t t l e  and showing s igns  of d e t e r i o r a t i o n ,  Runoff from 

t h e  p l o t  from 1 January 1967 through 16 J u l y  1967 averaged 85%, The 

d e t e r i o r a t e d  f i l m  was removed i n  J u l y  1967 and the  p l o t  r e t r e a t e d ,  
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The new treatment on the plot listed in Table 1 as Plot 1,-lb - 2 
consisted of MC-250 at 1,5 kg asphalt m for a basecoat with a 

supposedly improved polyethylene as a top sheeting, The lower 

20 ft of the plot was covered with 20 mil sheeting and the remainder 

covered with 12 mil sheeting, The new sheeting underwent significan~ 

shrinkage upon exposure and did not reduce the problem of asphalt 

migration, Prom 2 September 1967 through the remainder of the year, 

the treatment averaged 95% runoff, The sheeting has subsequently 

been removed. 

Runoff from Plot L-4, the butyl sheeting standard, averaged 97% 

for the year, The plot bas some retention pockets which significantly 

reduce runoff from small rainstorms, er 45% of the s t o m  in 1967 

were less than 5 mm, 

Runoff from the two-phase asphalt treatment Plots 2-5 and L-6 

did not compare as favorably as in previous years, Plor L-5 averaged 

99,9% runoff and Plot L-6 averaged 90,5% runoff, Preliminary analysis 

of the data indicate two possible explanations: (I the lower edge 

of Plot L-6 may have some retention due to reduction of lateral 

slope when the new steel borders were installed; and 

slopes to the east and Plot L-5 slopes to the north, Vector 

pluviometer data presented in Table 3 show that 63% of the rain- 

storms during 1967 came from the north and west, Further analysis 

of the data is necessary to prove the exact effect of plot exposure 

on rainfall runoff, The two asphalt plots are in good condition 

with only minor cracking of the pavements, 

Plot L-7 was reshaped during the year and on 3 August 1967 a 

basecoat of MC-250 cutback asphalt was applied at a rate of 1,5 kg 
-2  

asphalt m (3-1 22 August 1967 a cover of l mil aluminum foil was 

bonded to the stabilized soil with RSR asphalt emulsion at a rate of 
-2  

0,7 kg asphalt m The lap joints of the foil were sealed with a 

butyl cement. The runoff from the aluminum foil since treatment 
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averaged 87Xfor the remainder of l967, The runoff reduction below 

100% apparently results from retention of water in sma1.l wrinkles 

in the Eoil, This pLot also has an easncrly exposure which could 

have been a factor as explained with Plot 2-43, 

Plot A-1 is one of the new 6 m x 30 m plots, A basecoat of 
- 2 

MC-250 at 1,5 kg asphalt m was applied 3 August 1967, 43)n 22 August 

1967 a top sheeting oE 230 g m ed fiberglas mat- 

ting was bonded to t e soil and se SK asphalt emulsion 

applied at a rate of 1,4 kg asphal rotectiuc top spray will. 

be applied in 1968, From 22 the remainder of 

1967 this plot averaged 99 

Plot A-2, also one of the new plats, was given a basecoat of 

MC-250 at a rate of 1.5 kg asphalt m*2 3 August 1967, 12 

September 1967 a standar roof covcring by a co~rmcrcial 

roofing company, This treasment consists of spot mopping cold ad- 

hesive over the asphalt stabilized soil, applying a covering of rag 

felt, saturating with cold adhesive, and covering wit 

diameter natural rjver run pea gravel a approximate rate of 
-2 

620 g n~ This treatment averaged 91-3. percent runoff ior the 

remainder of 1967, The gravel covering has consi erable rctcntinn 

and percent runoff for a full year, including warm weather months, 

is expected to be lower, iLity may be good, This covering is 

guaranteed for 10 years when appLied to roofs, 

The bare soil plots include all treatments 

where the soil is not c pletely paved, A description of these 

treatments at the Granite Reef site is presented in Tabic 4 w i t h  

runoff data Listed in Table 5, 

Runoff from plots 2-2 and E-3 averaged 29-0 and 29,5%, respectively, 

for the year, Plot A-3 averaged 34% runoff from 10 August t 

December 1967, 2 and E-3 both averaged 29% for t is sane period, 

The increased runoff from A-3 is thought to result from soil com- 

paction during plot construc~ion, 

Annual Report of the U.S. Water Conservation Laboratory



Ridge and furrow p l o t  R-2, wi th  10% s i d e  s lope,  averaged 27 -9% 

runoff ,  P l o t  R-1, wi th  20% s i d e  s lope ,  averaged U , 6 %  runoff ,  

i n d i c a t i n g  t h a t  i nc reas ing  s lope  above LOX d id  no t  i nc rease  runof f ,  

Both R-plots produce of f  than p l o t s  L 

s lope ,  which i s  t h e  oppos i te  of r e s u l t s  f o r  t h e  previous two yea r s ,  

Reduced runoff  is  prob l y  caused by increased  e ros ion  and increased  

i n f i l t r a t i o n  i n  t h e  furrow channel ,  annels  w i l e  be sea led  i n  

1968 t o  eva lua t e  t h i s  Loss, 

Watershed 3, hand c l e a r e d  of brush i n  l 9  3, gave 24,2% runoff 

compared t o  16,1% f o r  W-2, which has a  n a t u r a  cover of s c a t t e r e d  

brush,  In t h e  four  yea r s  s i n c e  e a r l y  19 

began, brush c l e a r i n g  has increased  runoff by more than LOO ~ m n ,  

Although some regrowth i s  developing from a i r b o r n  seeds,  r e c l e a r i n g  

of W-3 should no t  be necessary  f o r  a t  l e a s t  two more yea r s ,  

P l o t  2-3, t r e a t e d  wi th  a water  r e p e l l e n t  i n  August 1965, y ie lded  

63,5% runoff ,  This  compares t o  76% i n  1966 and 94% f o r  t h e  l a t t e r  

p a r t  of 1965, The t rea tment  i s  e t c r i o r a t i n g  f o r  reasons ou t l i ned  

i n  t he  1966 r e p o r t ,  De te r io ra t ion  may no t  be a s  g r e a t  as these  

f i g u r e s  i nd ica t e ,  however, In  1966, k-3 p  uced 42% more runoff 

of t he  t o t a l  r a i n f a l l  than  u n t r e a t e  

produced 40% more runoff  than  L-2, 

Ridge and furrow p l o t  R-4, t r e a t e d  wi th  sodium carbonate  i n  

May l966, gave 38,2% runoff  f o r  t h e  yea r ,  This i s  a n  inc rease  of 

10% over runoff from a  s i m i l a r  un t rea ted  p l o t  R-2, For t h e  seven 

months a f t e r  t reatment  i n  1966, R-4 produce 22,5% more runoff than  

R-2, These f i g u r e s  i n d i c a t e  t h a t  t he  s a l t  t reatment  has  d e t e r i o r a t e d  

s i g n i f i c a n t l y  dur ing  t h e  year  fol lowing a p p l i c a t i o n ,  

SUMMhRY AND COMCWS 

Laboratory s t u d i e s  have shown t h a t  s e v e r a l  r e s i n  emuls ions and 

s o l u t i o n s  can  be used a t  low a p p l i c a t i o n  r a t e s  t o  s t o p  o r  g r e a t l y  

reduce ra indrop  e ros ion ,  One r e s i n  was e f f e c t i v e  a t  a  r a t e  of 
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- 2 
14 g m . These materials are compatible with the R-20 water repellent, 
permitting application as a single mixture, Infiltration, which is 

not greatly reduced by low rates of sta ilizer alone, can be reduced 

to zero by including water repellent, 

Observations of the experimental operational catchments were 

continued, The protective coating of flaked aluminum on the upper 

half of the Blue Mountain catclment efinitely increased the life of 

the asphalt treatment, The lower portion of the catchment without 

the protective coating deteriorated during the winter of 1966- 

The two-phase asphalt treatment on the Nelson Road catchment is still 

in good condition, The asphalt-f iberglas lined reservoir at Nelson 

Road appears completely sealed and BLA personnel consider this a 

successful installation, The two-phase asphalt treatment on the 

Flagstaff Cinders catchment was still good. The bonded L-5 mil black 

polyethylene on the Metate catchment was in poor condition when in- 

spected in January 1967, The asphalt-fiberglas reservoir lining is in 

good condition but is leaking at the outlet, After the outlet is re- 

paired the catchment will be retreated, The 20 mil chlorinated poly- 

ethylene on the Mescal and San Vicente catchmenrs is weathering 

satisfactorily, This material is easy to repair and a good catchment 

can apparently be maintained with a small amount of maintenance, 

Two dual-purpose catchment and storage units designed to provide 

water for wildlife and provide emergency water supplies for fighting 

forest fires were installed in cooperation with the U, S, Forest 

Service near Flagstaff, Arizona, These units were successfully used 

for wildlife water during the summer of 1967, but it was not neces- 

sary to use the water for firefighting, 

A new water harvesting catchment was established on the San 

Carlos Indian Reservation near Seneca, Arizona, This catchment will 

evaluate a low-cost water repellent-soil stabilizer treatment 

for increasing runoff. Runoff from the plot is measured with a 
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V-notch, c r i t i c a l  depth  flume and w i l l  be  compared t o  t he  r a i n f a l l  

a s  measured by a t i p p i n g  bucket raingage,  This catchment w i l l  be  

t r e a t e d  i n  1968, 

Ins t rumenta t ion  of a new s i t e  f o r  l a r g e  s c a l e  eva lua t ion  of 

low-cost water ha rves t ing  t rea tments  was s t a r t e d  i n  1967, This 

s i t e  i s  on t h e  San Carlos  Indian Reservat ion,  Four small  watersheds, 

of 5 t o  20 a c r e s  each, were i s o l a t e d  and f o u r  80 c f s ,  V-notch, 

c r i t i c a l  depth flumes f o r  measuring runoff were i n s t a l l e d ,  R a i n f a l l  

i n  t he  a r e a  i s  measured by a network of 11 raingages,  Runoff from 

t h e  un t r ea t ed  watersheds w i l l  be  measured f o r  a per iod  of 

t h r e e  years  be fo re  any t rea tments  a r e  app l i ed ,  
2 

A t  t he  Grani te  Reef t e s t i n g  s i t e  fou r  new 180 m p l o t s  and 15 
2 

new 10 m p l o t s  were cons t ruc t ed ,  These new p l o t s  p lus  t he  seven 

L-Plots had s t e e l  borders  insta1"l.d t o  b e t t e r  d e f i n e  t h e  catchment 

a r e a  and improve t h e  accuracy of t h e  runoff measurements, 

Runoff from t h e  t h r e e  p l o t s  t r e a t e d  i n  December 1964 wi th  a 

one-phase t rea tment  of Eas t e rn  a s p h a l t  dec l ined  t o  60-75% during 

1967, bu t  t h e  t rea tments  have l a s t e d  cons iderably  longer  than was 

o r i g i n a l l y  expected, Two p l o t s  wi th  the  two-phase a s p h a l t  t reatment  

cont inue  t o  look good wi th  runoff  90% from one and 99% from the  

o t h e r ,  The reason f o r  t h e  d i f f e r e n c e  i n  runoff  i s  no t  apparent  and 

w i l l  be  i nves t iga t ed ,  R a i n f a l l  f o r  1967 came i n  23 storms t o t a l l i n g  

272 mm, Eleven of t h e  storms were l e s s  than  5 mm and accounted f o r  

12% of t h e  t o t a l  r a i n f a l l ,  

Runoff water from the  a spha l t  bonded 1,5 m i l  b lack  polyethylene 

cont inued t o  be d i sco lo red  by a s p h a l t  d e t e r i o r a t i o n  by-products,  

The a spha l t  migrated through the  f i l m  and d e t e r i o r a t e d  on t h e  p l o t  

su r f ace ,  The s tandard  b u t y l  p l o t  averaged 97% runoff  f o r  t h e  yea r ,  

There i s  some r e t e n t i o n  on t h e  p l o t  which becomes s i g n i f i c a n t  i n  

s m a l l  ra instorms.  A new p l o t  of bonded 1 m i l  aluminum f o i l  was in -  

s t a l l e d .  Runoff was 87%, lower than expected, probably because 

water  i s  r e t a i n e d  i n  wr inkles  i n  t he  f o i l ,  A new p l o t  of a spha l t -  
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f i b e r g l a s  was i n s t a l l e d  dur ing  August 1967* This  t reatment  i s  r e l a t i v e l y  

low-cost and i s  expected t o  be q u i t e  durable .  Runoff from t h i s  t r e a t -  

ment averaged 99%. A second p l o t  was t r e a t e d  wi th  a s tandard  roo f ing  

t rea tment  of a spha l t ,  r oo f ing  f e l t ,  and g rave l ,  This t reatment  has 

s i g n i f i c a n t  r e t e n t i o n  b u t  is  low i n  c o s t  and i s  expected t o  have 

reasonably long l i f e ,  S imi la r  t rea tments  on roo f s  a r e  guaranteed f o r  

10 years  , 

Runoff d a t a  from ba re  s o i l  catchments a t  Grani te  Reef show t h a t  

t h e s e  t reatments  deserve s e r i o u s  cons ide ra t ion ,  An un t r ea t ed  water- 

shed,.with no channel  l o s ses ,  produced 16% runof f ,  Clear ing  the  

s c a t t e r e d  b m s h  increased  runoff t o  24% fou r  yea r s  a f t e r  c l e a r i n g ,  

Smoothing t h e  s o i l  r e s u l t e d  i n  29% runoff s i x  years  a f t e r  smoothing, 

Appl ica t ion  of sodium carbonate  produced 38% runoff  dur ing  the  record 

year  a f t e r  t rea tment ,  Appl ica t ion  of a r e l a t i v e l y  low-cost water 

r e p e l l e n t  produced 64% runoff  dur ing  t h e  t h i r d  year  a f t e r  t rea tment ,  

Current i n v e s t i g a t i o n s  i n d i c a t e  t h a t  reasonably durable ,  low-cos t, 

ba re  s o i l  t rea tments  can  be developed t o  produce more than  90% runof f ,  

PERSONNEL: Lloyd E, Myers, Gary W, P r a s i e r ,  
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Table 1. Waterproof treatments on large plots at Granite Reef 

Testing Site. 

Plot Treatment Date Treatment 

L-la 10 Oct 1963 Basecoat, RC-Special at 2,O kg asphalt m -2 

1 Feb 1965 Black polyethylene, 1,5 mil 

bonded with a mixture of MC-70 and NC-250 at 
-2 

1,2 kg asphalt m 

L-lb 8 Aug 1967 Basecoat, MC-250 at 1.5 kg asphalt m-l 

Lower 20 ft - 20 mil black 
polyethylene, upper 25 ft - 12 mil black poly- 
ethylene bonded with RSK asphalt emulsion at 

-2 
0-7 kg asphalt m 

30 Nov 1961 15 mil 
-2 18 Sept 1962 Basecoat, S-1 at 1.04 kg asphalt m 

16 Mar 1966 RSK asphalt emulsion at 0.6 kg asphalt 
-2 

-2 
19 Apr 1963 Basecoat, RC-special at 1.5 kg asphalt m 

8 May 1963 Topcoat South Half. SS-2 Special asphalt emulsion 
-2 

at 0,65 kg asphalt m with 3% butyl latex 

9 Jul 1963 - 2 
S-1 at 0,5 kg asphalt m 

with 3% butyl latex 

17 Feb 1966 TOP Spray, Aluminum coating TS-A-1 at 0e16 kg 
-2 

material m 

L- 7 - 2 3 Aug 1967 Basecoat, MC-250 at 1.5 kg asphalt m 

22 Aug 1967 1 mil aluminum foil bonded with RSR 
-2 asphalt emulsion at 0,7 kg asphalt m 

A- 1 -2 3 Aug 1967 Basecoat, MC-250 at 1,5 kg asphalt m 

22 Aug 1967 Top Sheeting, 3/4 oz chopped fiberglas matting 

bonded with RSK asphalt emulsion at 1,4 kg - 2 
asphalt m 
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Table 1, Waterproof treatments on large plots at Granite Reef 

Testing Site - continued, 

Plot Treatment Date Treatment 

- 2 
Am2 3 Aug 1967 Basecoat, MC-250 at 1,5 kg asphalt m 

m 

12 Sept 1967 Standard rag felt-rock roofing 

treatment, 
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Table 2, Runoff r e s u l t s  from r a i n f a l l  on waterproof t rea tments  a t  Grani te  Reef T e s t i n g  S i t e ,  

Date T o t a l  k la k. l b  G 4  L- 5 k 6  L 7  A- 1 A- 2 
R a i n f a l l  Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

23 J a n  

10 Mar 

29 Mar 

4 Apr 

11 Apr 

12 Apr 

29 May 

4 Jun 

18 Jun 

I1 J u l  

16 J u l  

10 Aug 

2-3 Sept 

22 Sept 

3 Oct 

21-22 Nov 

26 Nov 

a 
P lo t  undergoing r e p a i r ,  runof f  es t imated  a t  loo%, 
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Table 2, Runoff r e s u l t s  from r a i n f a l l  on waterproof t rea tments  a t  Gran i t e  Reef Tes t i ng  S i t e  - cont inued ,  

Date To ta l  L-la L- l b  L-4 L- 5 6 L-7 A- L A- 2 
Rainfall Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

13 Dec 2,2 

54 Dee 27,8 

14-15 Dec 45,2 

18-19 Dec 29,2 

Total 272,L 77,Q 85,1164,1 97,2264,2 97,1271,7 9 147-4 8 7 , 3  167-8 9 9 - 3  153,9 91,i 

a t e r  ran into storage from outside, runoff estimated at LOO%, 
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Table 3, Directional rainfall measurements by Vector pluviometer 

at Granite Reef Testing Site, 

Date Total 
Rainfall 
Collected North East South West 

I967 (m1) (ml) (%) (ml) (%) (ml) (%) (ml) (%) 

23 Jan 

10 Mar 

29 Mar 

4 Apr 

I1 Apr 

12 Apr 

29 May 

4 Jun 

18 Jun 

11 Jul 

16 Jul 

10 Aug 

2-3 Sept 

22 Sept 

3 Oct 

21-22 Nov 

26 Nov 

28-29 Nov 

13 Dec 

14 Dec 

14-15 Dec 

18-19 Dec 

19 Dec 

Total 

7 12,l 

Trace 

41 22.2 

31 35,2 

10 13,7 

23 42,6 

5 29,4 

Trace 

5 17,2 

248 28,5 

362 66,3 

170 48,6 

23 56,l 

0 0 

4 17,4 

19 42,2 

121. 34,2 

70 22.2 

0 0 

111 47.2 

500 46,7 

205 21,l 

100 19,6 

2055 34,9 
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Table 4, Smaoth soil treatments on large plots at Granite Reef 

Testing Sites 

Plot Treatment Date Treatment 

30 Nov 1961 

4 Aug 1965 

1 Aug 1967 

10 Dec 1964 

1 Dec 1963 

1 Dec 1963 

1 Mar 1965 

13 May 1966 

Smoothed soil, 14,14 m X 14,14 m plot 

Smoothed soil, 14.14 m X N,l4 m plot 

treated with R-9 at 0,057 kg m 
2 

Smoothed soil, 6 m X 30 m plot 

Smoothed soil, 7,6 m X 15.2 m plot 

Uncleared watershed 

Cleared watershed 

Ridge and Furrow - 10% side slope 
Ridge and Furrow - LO% side slope treated with 
44.9 g m-' sodium carbonate 
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Table  5. Runoff r e s u l t s  from r a i n f a l l  on smooth s o i l  p l o t s  a t  G r a n i t e  Reef T e s t i n g  S i t e .  

Date T o t a l  L-2 k 3  A- 3 E-3 W- 2 W - 3  R- 2 R- 4 
R a i n f a l l  Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

1967 (a) ( m )  (%) (m) (%) b m >  (%) (mm) (%) (mn> (%) (m> (%I (m> (%> (m> ( X I  

23 Jan  

10 Mar 

29 Mar 

4 Apr 

11 Apr 

12 Apr 

29 May 

4 Jun  

18 Jun 

11 J u l  

16 J u l  

10 Aug 

2-3 Sept  

2 2  Sept  

3 Oct 

21-22 Nov 

a P l o t  undergoing r e p a i r ,  runof f  e s t i m a t e d  a t  50% from s i m i l a r  s torms 1966, 

b ~ l o t  undergoing r e p a i r ,  r u n o f f  e s t i m a t e d  a t  60% from s i m i l a r  s torms 1966. 
C Meter plugged, runof f  estimated a t  60% from s i m i l a r  s torms 1966. 
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Table 5 ,  Runoff r e s u l t s  from r a i n f a l l  on smooth s o i l  p l o t s  a t  Grani te  Reef Tes t ing  S i t e ,  

Date To ta l  k 2  L-3 A- 3  E-3 W- 2  W-3 R- 2  R- 4  
R a i n f a l l  Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

26 Nov 18 ,2  3.1 17 ,012 .5  68.9 4.8 26.4 4,2 23, l  1 - 2  6,6 3.3 1 8 , l  3.2 17,6 4-3  23,6 
d 

28-29 Nov 16,6 7 * 3  44,O 14,O 84-3 10,2 61.4 7,O 42,2 3.6 21,7 8,3 50.0 7.1 42-8 9.8 59,O 

13 Dec 2-2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 Dec 17.8 2 , l  1 1 , 8 1 0 , 9  61,2 5,O 28 , l  3,O 16,9 0 0 0 0 2.5 14,O 4,O 22,5 

14-15 Dec 45,2 20.2 44,7 42,4 93,8 17.8 39*4 18,4 40.7 14.8 32.7 21,3 4 7 , l  19,5 43.1 26.3 58,2 

18-19Dec 29-2 3,9 13 .418.2  62,3 4,4 1 5 - 1  4,4 1 5 , l  1 ,8  6.2 3 ,4  11,6 3 ,2  1 1 , O  5,5 18.8 

19 Dec 18,6 11,3 61.016.6 88.110.7 57,3 9.8 52,7 7.3 39 .110 ,4  5 6 . 2 1 0 , I  5 4 , 4 1 3 . 0  68-8 

To ta l  272, l  79,O 29,0172.8 63 ,561 .5  34 .080 ,3  29.543,7 1 6 , 1 6 5 , 9  24.275.9 27,9 104,O 38.2 

d ~ u n o f f  i n t o  s to rage  from outs ide ,  runoff  est imated a t  50% from s i m i l a r  storm 19 December 1967. 
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T I T U  : APPLICATION OF' HEMDECANOL - OCTADECANOL MONOFILMS 

TO SMALL PONDS 

LIME PROJECT: SWC W7 gG-3 CODE N O ,  : ARZZ,-WCL-9 

INTRODUCTION : 

S t u d i e s  w i t h  long-chain  a l k a n o  1 d i s p e r s i o n s  f o r  reduc ing  evapora- 

t i o n  were concluded t h i s  y e a r  w i t h  two s t u d i e s  i n  February  and i b r c h  

1967 s i m u l t a n e o u s l y  comparing t h e  e f f e c t i v e n e s s  of t h e  d i s p e r s i o n  

and powdered a l k a n o l ,  

PROCEDURE : 

The d i s p e r s i o n  used i n  t h e  s t u d i e s  was a 1% a l k a n o l  d i s p e r s i o n  

d i l u t e d  from a  10% c o n c e n t r a t i o n  p repared  a s  d e s c r i b e d  i n  p rev ious  

a n n u a l  r e p o r t s ,  The e f f e c t i v e n e s s  of t h e  t r e a t m e n t s  For reduc ing  

e v a p o r a t i o n  was determined on t h e  2,74 m d iamete r  t anks  a s  d e s c r i b e d  

i n  p rev ious  annua l  r e p o r t s ,  The powdered a l k a n o l  and d i s p e r s i o n  were 

b o t h  a p p l i e d  d a i l y  a t  t h e  r e q u i r e d  a p p l i c a t i o n  r a t e ,  

RESULTS AND DISCUSSION: 

The f i r s t  s t u d y  was conducted f o r  7  days s t a r t i n g  27 February 

1967, The d i s p e r s i o n  and powdered a l k a n o l  were b o t h  a p p l i e d  a t  a 
- 2 - 1 - 1. 

r a t e  of 1.1 grams of a c t u a l  a l k a n o l  m month [ l o  1bs acre- '  month 1.  
During t h i s  p e r i o d ,  w i t h  an  average  u n t r e a t e d  e v a p o r a t i o n  r a t e  of 4,6 mm 

day*', t h e r e  was no measurab le  r e d u c t i o n  w i t h  che powdered a l k a n o l .  

The d i s p e r s i o n  reduced e v a p o r a t i o n  28%, In t h e  second s tudy ,  conducted 

f o r  10 days s t a r t i n g  1.0 March 1967, t h e  d i s p e r s i o n  a p p l i c a t i o n  r a t e  

was unchanged b u t  t h e  powdered a l k a n o l  a p p l i c a t i o n  r a t e  was i n c r e a s e d  
- 2 - 1 

t o  5;s grams of a l k a n o l  m month For t h i s  s t u d y  t h e  average un- 
- 1 

t r e a t e d  e v a p o r a t i o n  r a t e  was 3 - 3  m day 'She d i s p e r s i o n  reduced 

e v a p o r a t i o n  by 27% w h i l e  t h e  powdered a l k a n o l  reduced e v a p o r a t i o n  by 

l5X. During t h e s e  s t u d i e s  t h e r e  w a s  a heavy layer  of d u s t  on tl-tc 

wate r  s u r f a c e .  It was observed rhc d i s p c r s i o n  comprcssccl t h e  d u s t  

i n t o  s m a l l  p a t c h e s  w h i l e  t h e  powdered a l k a n o l  d i d  n o t ,  
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SIJMNARY AM) CONCLUSIONS : 

Evaporation s t u d i e s  were conducted comparing the  e f f e c t i v e n e s s  

of long-chain a lkano l  di-spersions with t h a t  o l  powdered a lkanol  f o r  

reducing evaporat ion.  The d i spe r s ion ,  a  1% di spe r s ion  d i l u t e d  from 

a 10% concent ra t ion ,  and the  powdered a lkano l  were both appl ied  a t  a 
- 2  

r a t e  of 1.1 grams a lkano l  m month-'. Evaporation was reduced 28% 

wi th  t h e  d i spe r s ion ,  b u t  t h e r e  was no measurable reducti.on Erom the  

powdered a lkanol ,  11-1 a second s tudy the same r a t e  of d i spe r s ion  was 

appl ied  and the  powdered a lkano l  r a t e  increased  t o  5 - 5  grams aLlcanoL 
- 2  - 1 m month The d i s p e r s i o n  reduced evaporat ion by 27% while the  

powdered a lkano l  reduced evaporat ion by 15%, 

These s t u d i e s  i n d i c a t e  t h e  d i spe r s ions  a r e  more e f f e c t i v e  i n  

reducing evaporat ion with lower a p p l i c a t i o n  r a t e s  than can be 

achieved wi th  powdered a l k a n o l s ,  

PERSONNEL: L, E ,  Myers and G, W ,  P r a s i e r  
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TITLE : ASmEmNT APSD CALCULATION OF UNSAT 

L  WATER DIPPUSZVI 

LINE PROJECT: SWC W7 gG-5 ODE NO. : A r i z .  -WCL-13 

INTRODUCTION: 

The o b j e c t i v e s  and need f o r  s t u d y  f o r  t h i s  p r o j e c t  were g iven 

i n  t h e  l 9 6 1 A n n u a l  Repor t  o f  t h e  U, S.  Water Conserva t ion  L a b o r a t o r y ,  

Annual Repor t s  f o r  1962, 1963, and 1965 r e p o r t e d  work concern ing  

c o n d u c t i v i t y  and s o i l  w a t e r  d i f f u s i v i t y  measurements a t  s e v e r a l  

p o r o s i t i e s  and t e m p e r a t u r e s ,  The 1966 r e p o r t  concerned d e v i a t i o n s  

from Darcy ' s  law f o r  f l o w  of  w a t e r  th rough  f i n e  p o r e s ,  T h i s  r e p o r t  

c o n t a i n s  d a t a  on t h e  f low o f  v a r i o u s  p o l a r  and nonpo la r  l i q u i d s  

th rough  two ce ramic  p l a t e s  i n  a n  a t t e m p t  t o  e l u c i d a t e  t h e  e f f e c r  of 

s t r u c t u r i n g  of  p o l a r  molecu les  and e l e c t r o k i n e t i c  e f f e c t s  on flow 

th rough  v e r y  f i n e  p o r e s .  

When a  p o l a r  f l u i d  such a s  wa te r  lows th rough  a  porous mate r i a l , ,  

a n  i n t e r a c t i o n  between t h e  p o l a r  molecu les  and t h e  charged p o r e  

s u r f a c e  o c c u r s ,  which r e s u l t s  i n  a r e t a r d a t i o n  01 flow,  The d e g r e e  

of  i n t e r a c t i o n  and t h e  amount of f low r e t a r d a t i o n  a r e  f u n c t i o n s  01 

p o r e  s i z e  and t h e  d e g r e e  of  p o l a r i z a t i o n  of  t h e  molecu le ,  A r ev iew 

of  Henniker (1) shows d a t a  i n d i c a t i n g  t h a t  wa te r  has  a n  a p p a r e n t  

i n c r e a s e  i n  v i s c o s i t y  due t o  t h i s  i n t e r a c t i o n ,  T h i s  v i s c o s i t y  i n -  

c r e a s e  h a s  been r e p o r t e d  t o  ex tend  a  d i s t a n c e  of 1500 a from t h e  

w a l l .  I f  t r u e ,  such  i n t e r a c t i o n s  would g r e a t l y  r e t a r d  f low th rough  

f i n e  p o r e s  and t h i n  w a t e r  f i l m s  i n  u n s a t u r a t e d  s o i l s ,  

When i o n s  a r e  p r e s e n t  i n  t h e  f l u i d  a  "double l a y e r "  i s  s e t  up 

n e a r  t h e  w a l l  due t o  t h e  i n t e r a c t i o n  between t h e  i o n s  and t h e  p o r e  

w a l l .  When w a t e r  f lows th rough  t h e  pore ,  some i o n s  a r e  swept a l o n g  

c r e a t i n g  a  s t r e a m i n g  p o t e n t i a l  t h a t  r e t a r d s  f low.  T h i s  e l c c t r o -  

k i n e t i c  f low r e t a r d a t i o n  h a s  been t r e a t e d  a s  a n  a p p a r e n t  i n c r e a s e  

i n  v i s c o s i t y .  R i c e  and Whitehead (3)  p r e s e n t e d  a  t h e o r y  f o r  

e l e c t r o k i n e t i c  f low i n  f i n e  p o r e s  t h a t  p r e d i c r e d  a  rnaximun~ r e t a r d a t i o n  
- 5 o c c u r r e d  a t  a  p o r e  r a d i u s  of 5 . 1  x 10 cm f o r  p u r e  w a t e r ,  
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Most r e p o r t e d  exper imenta l  s t u d i e s  w i t h  p o l a r  f l u i d s  and e l e c t r o -  

k i n e t i c  f low were f o r  p o r e s  of > 5 X cm r a d i u s ,  and f o r  a  p o l a r  

and nonpola r  f l u i d ,  The r e s u l t s  p r e s e n t e d  h e r e  a r e  from exper iments  
- 6 u s i n g  ceramics  w i t h  p o r e  r a d i u s  of 1.5 x and 5 x 10 cm and 

f o r  s e v e r a l  p o l a r  f l u i d s  having d i f f e r i n g  degrees  of p o l a r i z a t i o n ,  

MATERIALS AND XETI-IODS: 
- 5 Two c'eramic p l a t e s  of nominal p o r e  r a d i u s  of 1 - 5  x 10 and 

5 x 1 0 ' ~  cn, were used i n  t h e  exper iments .  The ceramic p l a t e s  were 

epoxied between two g l a s s  f u n n e l s  which i n  t u r n  were epoxied t o  

a n  a l l  g l a s s  f a l l i n g  head permeameter s i m i l a r  t o  F i g u r e  3 page 

13-12 of t h e  1.966 Annual R e p o r t ,  S o l u t i o n s  of 0 - 1 ,  0 ,01 ,  and 0.001 

N K C l ,  LiC1, and NaCl were s e p a r a t e l y  used a s  t h e  permeat ing f l u i d  

f o r  exper iments  concern ing  e l e c t r o k i n e t i c  f low r e t a r d a t i o n ,  Benzene, 

n i t r o b e n z e n e ,  a c e t o n e ,  and chloroform were used i n  t h e  exper iments  

concern ing  f low r e t a r d a t i o n  due t o  i n t e r a c t i o n  between p o l a r  mole- 

c u l e s  and p o r e  w a l l s .  P h y s i c a l  p r o p e r t i e s  .of t h e  o r g a n i c  f l u i d s  

o b t a i n e d  from v a r i o u s  handbooks a r e  g iven  i n  T a b l e  1. 

RESULTS AND DISCUSSION: 

P e r m e a b i l i t y  d a t a  f o r  v a r i o u s  s a l t  s o l u t i o n s  and o r g a n i c  f l u i d s  

a r e  g iven  i n  Tab les  2 ,  3, and 4 .  Tab les  2 and 3 show t h a t  t h e  

p e r m e a b i l i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  s a l t  c o n c e n t r a t i o n  a s  e l e c t r o -  

k i n e t i c  f low t h e o r y  would p r e d i c t ,  However, when t h e  t h e o r y  of Rice  

and Whitehead i s , a p p l i e d  t o  t h e  d a t a ,  t h e  r e s u l t s  a r e  i n c o n s i s t a n t ,  

The t h e o r y  p r e d i c t s  a  lower v a l u e  of p e r m e a b i l i t y  f o r  t h e  0 ,001  

M KC1 s o l u t i o n  t h a n  was a c t u a l l y  measured. Th is  discrepancy 
-6 

i s  g r e a t e r  f o r  t h e  5 x LO cm pore  r a d i u s  ceramic  than  fo r  t h e  1 .5  

x cn1 ceramic.  A p r o b a b l e  e x p l a n a t i o n  of t h i s  i s  t h a t  s o l u t e s  

d i s s o l v e d  from t h e  ceramic c a u s e  che s o l u t i o n  w i t h i n  the  p o r e s  t o  

be  more c o n c e n t r a t e d  t h a n  t h e  o r i g i n a l  s o l u t i o n .  Experiments a r e  

now underway t o  a s c e r t a i n  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  w i t h i n  t h e  

p o r e s .  
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T a b l e s  2 and 3 show t h a t  d i f f e r e n t  monovalent s a l t s  y i e l d  v e r y  

n e a r l y  t h e  same p e r m e a b i l i t i e s .  For  t h e  sa l ts ,  t h e  p e r m e a b i l i t i e s  

a r e  KC1 > NaCl > LiCl  i n  t h e  s a n e  o r d e r  t h e  c a t i o n s  a r e  c l a s s i f i e d  

a s  "water s t r u c t u r e  makers" o r  "water s t r u c t u r e  b r e a k e r s . "  IIorne (2) 

p r e s e n t s  d a t a  showing R a s  a  " s t r u c t u r e  b reaker ' '  and L i  a s  a  " s t r u c ~ u r e  

maker,"  w i t h  Na i n t e r m e d i a t e ,  Our d a t a  show t h a t  t h e  "water s t r u c t u r e "  

e f f e c t  due t o  d i s s o l v e d  i o n s  has  a  measurable  e f f e c t  on wa te r  f low 

through f i n e  p o r e s ,  b u t  t h a t  t h e  e f f e c t  i s  s m a l l .  

The f o u r  o r g a n i c  f l u i d s  were  chosen t o  g i v e  a  r ange  of d i p o l e  

moments. Dipo le  moments were  t a k e n  t o  b e  a  measure  of t h e  p o l a r -  

i z a b i l i t y  of  t h e  molecu le  and t h u s  a n  i n d i c a t i o n  o f  t h e  d e g r e e  oL 

s t r u c t u r i n g  due t o  t h e  i n t e r a c t i o n  between t h e  p o r e  w a l l  and p o l a r  

molecu les .  F i g u r e  1 shows f o r  t h e  1.5 X cm p o r e  r a d i u s  ceramic ,  

t h a t  t h e  p e r m e a b i l i t i e s  d e c r e a s e  w i t h  i n c r e a s i n g  d i p o l e  moment, 
- 6 

Data f o r  t h e  5 x 10  cm p o r e  r a d i u s  ceramic ,  g iven  i n  T a b l e  4 ,  show 

a  s i m i l a r  d e c r e a s e .  Data f o r  n i t r o b e n z e n e  a r e  n o t  y e t  a v a i l a b l e  s o  

comparisons between p o r e  s i z e s  w i l l  be  made l a t e r ,  P r e l i m i n a r y  

c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e r e  i s  no s i m p l e  r e l a t i o n  between pore  

s i z e  and f low r e t a r d a t i o n  due t o  i n t e r a c t i o n  between p o r e  w a l l s  and 

p o l a r  molecu les .  F u t u r e  e x p e r i m e n t a l  d a t a  may c l a r i f y  t h i s  p o i n t ,  

F i g u r e  1 shows t h a t  t h e  p e r m e a b i l i t i e s  f o r  0 . 1  M KC1 and benzene 

a r e  n e a r l y  t h e  same. The 0 . 1  M KC1 i s  of s u f f i c i e n t  c o n c e n t r a t i o n  

t o  compress t h e  doub le  l a y e r  and minimize e l e c t r o k i n e t i c  e f f e c t s  

and i s  a  "water s t r u c t u r e  b r e a k e r . "  Benzene i s  nonpo la r  and t h e s e -  

f o r e  s t r u c t u r i n g  due  t o  t h e  charged p o r e  w a l l  shouLd n o t  be p r e s e n t .  

For  t h e  f i n e r  pored  ceramic ,  t h e  0 . 1  KC1 and benzene a r e  a l s o  n e a r l y  

t h e  same (Tables  3 and 4) .  

The main concLusion from t h e s e  d a t a  i s  t h a t  w a t e r  p e r m e a b i l i t y  

f o r  Elow th rough  f i n e  p o r e s  i s  n o t  v e r y  d i f f e r e n t  t h a n  f o r  o t h e r  

p o l a r  f l u i d s .  E a r l i e r  l i t e r a t u r e  (4) r e p o r t e d  t h a t  wa te r  p e r m e a b i l i t i e s  

were 6- t o  LO-fold l e s s  t h a n  f o r  o t h e r  p o l a r  f l u i d s .  These d a t a  were 

f o r  s a n d s t o n e s  c o n t a i n i n g  a  s m a l l  amount of  c l a y .  We conc lude  t h a t  
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c l a y  m i g r a t i o n  may have caused t h e  r e d u c t i o n  bu t  n o t  wa te r  s t r u c t u r e ,  

e l e c t r o k i n e t i c  e f f e c t s ,  and i n t e r a c t i o n  between t h e  p o r e  w a l l  and 

t h e  p o l a r  f l u i d s ,  

S W Y  AND CONCLIJSZONS: 

Flow of p o l a r  and nonpolar  f l u i d s  and s a l t  s o l u t i o n s  through 

ceramic p l a t e s  having nominal p o r e  r a d i i  of 1 .5  x and 5 x 10 -6 

cm was measured. The o b j e c t i v e  was t o  de te rmine  t h e  e f f e c t  o f  

i n t e r a c t i o n  between p o r e  w a l l s  and p o l a r  and nonpola r  f l u i d s  on f low 

through f i n e  p o r e s ,  and t o  de te rmine  t h e  e f f e c t  of s a l t s  on t h e  flow 

o f  w a t e r  through p o r e s  o f  t h e s e  s i z e s .  For  t h e  1.5 x l oe5  c m  pores ,  

f low r a t e s  decreased  w i t h  a n  i n c r e a s e  i n  d i p o l e  moment of t h e  pe r -  

mea t ing  f l u i d .  Flow rates were i n  t h e  o r d e r  benzene > chloroform > 
a c e t o n e  > n i t r o b e n z e n e .  A 0 .1  N K C 1  s o l u t i o n  y i e l d e d  i d e n t i c a l  p e r -  

m e a b i l i t y  as benzene. P e r m e a b i l i t i e s  decreased  w i t h  d e c r e a s i n g  
- 1 c o n c e n t r a t i o n  of sa l t  w i t h  a  5% d i f f e r e n c e  between 1 0  and loe3 N, 

and o n l y  15% d i f f e r e n c e  between lo-' N K C 1  and wate r  c o n t a i n i n g  o n l y  

d i s s o l v e d  s u b s t a n c e s  from t h e  p l a t e .  P e r m e a b i l i t i e s  were on t h e  
2 

o r d e r  of 2  x 10- l2  cm 

P e r m e a b i l i t i e s  f o r  t h e  ceramic  w i t h  5 x cm p o r e  r a d i i  l o r  

d i f f e r e n t  s a l t  s o l u t i o n s  show s i m i l a r  t r e n d s  t o  t h e  o t h e r  ceramic .  
-14 2 

P e r m e a b i l i t i e s  were on t h e  o r d e r  of 5 x 10 cm . P o l a r  and non- 

p o l a r  f l u i d s  a l s o  show s i m i l a r  t r e n d  t o  t h e  o t h e r  ceramic .  

The main c o n c l u s i o n  from t h i s  s t u d y  i s  t h a t  s t r u c t u r i n g  of f l u i d s  

due t o  i n t e r a c t i o n  o f  p o l a r  molecu les  w i t h  p o r e  w a l l s  r educe  flow, 

b u t  o n l y  t o  a  s m a l l  degree ,  g e n e r a l l y  l e s s  t h a n  10%" E l e c t r o k i n e t i c  

f low r e d u c t i o n  o c c u r s ,  b u t  i s  a l s o  s m a l l .  
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Table 1. Phys ica l  p r o p e r t i e s  of f l u i d s  used. 

F lu id  Densi ty  V i scos i ty  Dipole 
Moment 

- 3 
g cm cgs 

Benzene 0.879 0.00602 0 

Chloroform 1.498 0.00535 1.15 x 10-l8 

Acetone 0.792 0.00307 2.8 x 10 - 18 

Nitrobenzene 1.119 0.0184 4.23 x 1 0 - l ~  

Water 0.998 0.  00895 1.84 x 10-l8 
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Table 2. Permeabilities of the 1.5 x 10 cm pore radius cerawic L O  

various salt solutions. 

2 12 Permeability (cm x 10 ) 

Salt 
- l 

Salt concentration (moles liter ) 

a 0,001 0.01 0.1 

LiC 1 

NaC 1 

Water-solutes 

from ceramic 

a An unknown concentration of solutes resulted from dissolution of 

the ceramic plate. This concentration increased with time. 
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Table 3. Permeabilities of the 5 X LO cm pore radius ceramic t o  

various salt solutions. 

2 14 Permeability (cm x 10 ) 

Salt Salt concentrat ion (moles liter-') 

from ceramic 

a 
An unknown concentration of solutes resulted from dissolution of  t h e  

ceramic plate, This concentration increased with time. 
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T a b l e  4. P e r m e a b i l i t y  of  ceramic  p l a t e s  t o  s e v e r a l  o r g a n i c  f l .u ids .  

P e r m e a b i l i t i e s  

F l u i d  Ceramic p l a t e  

1.5 x low5 crn r a d i u s  5  x c m  r a d i u s  

Benzene 2.29 x 1 0 - l 2  5.41 x 

Chloroform 2.16 x 1 0 - l 2  5.14 x IO+ 

Acetone 2.10 x 1 0 - l 2  4 - 7 7  1 . 0 ~ ~ ~  

N i  t robenzene  2,07 x 10- l2  - - 
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TITLE : FIELD APPLICATION OF FALLING HEAD TECHNIQUE FOR SEEPAGE 

METERS AND OF DOUBLE-TUBE METNOD FOR HYDRAULIC 

CONDUCTIVITY MEASUREMENT 

LINE PROJECT: SWC W7 gG-2 CODE NO. : Ariz.  -WCJ,-14 

INTRODUCTION : 

Fie ld  s t u d i e s  w i t h  the  s a l t  pene t r a t ion  technique f o r  seepage 

measurement were continued t o  develop a  workable f i e l d  procedure, 

p a r t i c u l a r l y  where the  v e l o c i t y  of the water  i n  t he  channel makes i t  

d i f f i c u l t  t o  o b t a i n  s u f f i c i e n t  coverage and con tac t  time O F  t he  s a l t  

on the  bottom. 

PROCEDURE : 

Two f i e l d  t e s t s  were conducted i n  cana ls  of the S a l t  River P ro j ec t .  

The f i r s t  measurement was obtained i n  a  cana l  south  of Tempe, Arizona, 

The cana l  had a  v e l o c i t y  of about 0.3 m/sec and r e l a t i v e l y  tu rb id  water .  

The bottom cons i s t ed  of very loose,  f i n e  ma te r i a l  i n  a  l aye r  of 0.4 rn 

t h i c k ,  Core samples were obtained t o  determine the  poros i ty  of the 

loose  ma te r i a l .  Aluminum sulphate  was appl ied  t o  cover two s t r i p s  

approximately 1 m wide across  the  channel,  The depth of t he  e l e c t r i c a l -  

conduct iv i ty  peak (point  P, s ee  Annual Report 1966) was measured a t  

about 10 po in t s  i n  t h i s  s t r i p  a t  2, 4, and 21 hours a f t e r  t he  s a l t  was 

appl ied .  The conduct iv i ty  probe and method of determining the  depth 

of po in t  P  were descr ibed  i n  Annual Report 1966. 

The second t e s t  was i n  a  cana l  no r th  of Mesa, Arizona. Because of 

r e l a t i v e l y  high v e l o c i t y  i n  the  cana l  and a  water depth of 3 f t ,  the 

s a l t  c r y s t a l s  would not  remain i n  place long enough to  permit s u f f i -  

c i e n t  amounts of s a l t  t o  e n t e r  the  s o i l .  Thus, an a l t e r n a t e  method of 

a p p l i c a t i o n  had t o  be employed. Aluminum su lpha te  c r y s t a l s  were 

placed i n  a  bur lap  sack t o  ob ta in  a  confined "body" oL s a l t  of s u f f i -  

c i e n t  f l e x i b i l i t y  t o  conform t o  the  bottom of t he  channel.  The sack 

was maneuvered i n t o  p lace  w i t h  four guide ropes (one on each corner )  

and allowed t o  s t a y  a t  one place from 10 t o  20 minutes, a f t e r  which 

i t  was moved t o  the next  l oca t ion ,  e t c ,  Two men, one on each s i d e  of 
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t h e  c a n a l ,  were r e q u i r e d  t o  maneuver t h e  sack .  The dep th  of t h e  

c o n d u c t i v i t y  peak was measured from 1 t o  6 hours  a f t e r  t h e  s a l t  had 

been a p p l i e d .  

RESULTS AND DISCUSSION: 

The advance of t h e  c o n d u c t i v i t y  peak a f t e r  s a l t  a p p l i c a t i o n  is  

shown i n  F i g u r e  1 f o r  t h e  two l o c a t i o n s  of t h e  f i r s t  t e s t .  Each d o t  

r e p r e s e n t s  a n  average  o f  about  10 p o i n t s .  The graph shows t h a t  t h e  

peak advances a t  a  c o n s t a n t  r a t e .  Assuming t h a t  t h e  seepage was 

c o n s t a n t  d u r i n g  t h i s  p e r i o d ,  t h i s  i l l u s t r a t e s  t h e  p i s t o n - f l o w  movement 

o f  t h e  peak.  The l i n e s  do n o t  p i e r c e  t h e  o r i g i n ,  i n d i c a t i n g  an 

immediate advance of p o i n t  P a t  t h e  time of s a l t  a p p l i c a t i o n .  T h i s  

was probably  due t o  t h e  v e r y  l o o s e  and s o f t  bottom m a t e r i a l ,  which 

t h e  s a l t  c r y s t a l s  could  v e r y  e a s i l y  have p e n e t r a t e d  f o r  112 t o  1 cm 

upon a p p l i c a t i o n .  The p o r o s i t y  of t h e  l o o s e  bot tom m a t e r i a l  was 

0.66.  P o r o s i t y  v a l u e s  o b t a i n e d  i n  p rev ious  t e s t s  f o r  r e l a t i v e l y  

dense  bottom m a t e r i a l s  ranged from 0 . 4  t o  0 . 5 .  I n  many c a s e s ,  an 

e s t i m a t e  of t h e  bottom p o r o s i t y  i n  t h e  range  0 .4 -0 .6  w i l l  y i e l d  

s u f f i c i e n t l y  a c c u r a t e  v a l u e s  f o r  t h e  seepage r a t e .  Th i s  e l i m i n a t e s  

t h e  need f o r  o b t a i n i n g  c o r e  samples f o r  p o r o s i t y  d e t e r m i n a t i o n  i n  t h e  

l a b o r a t o r y ,  and t h u s  enhances t h e  u t i l i t y  o f  t h e  s a l t  p e n e t r a t i o n  

t echn ique  f o r  r o u t i n e  seepage measurements. 

R e s u l t s  from t h e  second t e s t  i n d i c a t e d  t h a t  t h e  t echn ique  of 

app ly ing  s a l t  w i t h  t h e  b u r l a p  sack  t echn ique  worked s a t i s f a c t o r i l y  

and enabled s u f f i c i e n t  s a l t  p e n e t r a t i o n  under  c o n d i t i o n s  of h i g h  

v e l o c i t y  i n  t h e  c h a n n e l ,  The b u r l a p  sack  must b e  k e p t  i n  p l a c e  f o r  

20 minutes  p e r  l o c a t i o n  t o  y i e l d  a  w e l l - d e f i n e d  c o n d u c t i v i t y  peak 

i n  t h e  bottom m a t e r i a l .  The seepage r a t e  f o r  t h e s e  t e s t s  was about  

8 cm/day. 

SUMMARY AND CONCLUSIONS: 

F i e l d  t e s t s  u s i n g  t h e  s a l t  p e n e t r a t i o n  method f o r  measuring 

seepage l o s s e s  from c a n a l s  were conducted t o  develop f i e l d  t echn iques  

and t o  demons t ra te  t h e  u s e f u l n e s s  of t h e  p rocedure .  A f i e l d  t e s t  
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confirmed p rev ious  l a b o r a t o r y  t e s t s  t h a t  t h e  advance c t f  t h e  s a l t  

c o n c e n t r a t i o n  peak i s  e s s e n t i a l l y  a  p rocess  oC p i s t o n  Clow Tor a 

d e p t h  u p  t o  15  cm, For deep  o r  Cast-Tlowing channe l s ,  a s p e c i a l  

a p p l i c a t i o n  t echn ique  u s i n g  b u r l a p  s a c k s  C i l l e d  w i t h  t h e  s a l t  was 

developed t o  keep t h e  s a l t  i n  p l a c e  and t o  m a i n t a i n  s u f f i c i e n t  

c o n t a c t  t ime t o  o b t a i n  a  w e l l - d e f i n e d  c o n d u c t i v i t y  peak,  The b u r l a p  

s a c k s  shou ld  be k e p t  i n  p l a c e  f o r  a  p e r i o d  o f  20 minu tes ,  a f t e r  which 

i t  can be moved t o  a n o t h e r  p a r t  o f  t h e  channe l  bottom. 

PERSONNEL: Herman Bouwer and 1%. C. R i c e ,  
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TITLE;: , TIVE USE OF WATER BY CROPS I N  ARIZOHA 

LINE PROJECT: SWC W9 gG-6 CODE NO,:  Ark,-WCL-23 

PAKT I: RELATIONS HIP  OF TEOROLOG'LCAZ HFL4.S 

CONSWPTPVE USE FOR OPT1 

TNTRODUCTION : 

For need of study, s e e  Annual Reports f o r  1957, 1958 and 1966. 

OBJECTIVES : 

1. To c o r r e l a t e  c e r t a i n  meteorological  measurements w i th  water 

management on c o t t o n ,  

2 ,  To determine the  comparative product ion of present-day 

co t ton  v a r i e t i e s  w i th  o l d e r  v a r i e t i e s ,  under a  previously determined 

i r r i g a t i o n  schedule,  

3 ,  To determine the  comparative consumptive use f o r  s e v e r a l  

v a r i e t i e s  of c o t t o n ,  

PROCEDURE : 

The experiment i s  l oca t ed  on F ie ld  C - l  a t  the  Univers i ty  of 

Arizona Cotton Research Center,  Phoenix, Arizona, The i i e l d  was 

planted t o  co t ton  i n  L966 and t o  a l f a l f a  during the previous two 

y e a r s ,  100 Ibs  of n i t rogen  were appl ied  on 16 Dec, 1966, The 

f i e l d  was plowed, furrowed out ,  and a  pre-p lan t ing  i r r i g a t i o n  given 

on 7 Mar, On 24 Mar., Deltapine Smoothleaf seed was p lan ted  on the  

East ha l f  of the  f i e l d .  The West ha l f  was p lan ted  i n  4-row p l o t s  t o  

f i v e  v a r i e t i e s :  Del tapine Smoothleaf, S t o n e v i l l e  223, Acala 44-10, 

Hopicala, and Pima S-4, i n  a  randomized block design r e p l i c a t e d  four  

t imes. 

I r r i g a t i o n s  were given when v i s u a l  p l an t  symptoms and s o i l  

moisture determinat ions ind ica t ed  the p l an t s  needed water ,  In  so  

doing, an at tempt  was made t o  dup l i ca t e  the  65% concept recommended 

by t h i s  o f f i c e .  A 1 1  v a r i e t i e s  i n  the t reatment  p l o t s  were i r r i g a t e d  

on the  same day, r ega rd l e s s  of d i f f e r ences  i n  s o i l  moisture t ens ions .  

Piche atmographs, n e t  radiometers  and anemometers were i n s t a l l e d  
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i n  the  Eas t  ha l f  of the  f i e l d  about 8 June,  On 17 Ju ly ,  a hygro- 

thermograph was i n s t a l l e d  w i t h i n  the  p l a n t  canopy, 

Yield measurements were made on 244 f t  of the  two i n s i d e  rows 

of the 4-row p l o t s .  Two pickings were made by machine, Samples 

were s e l e c t e d  and processed t o  determine l i n t  percentage,  

S o i l  moisture measurements were made a t  t h r e e  loca t ions  i n  the  

meteorological  d a t a  a rea ,  and i n  t h ree  r e p l i c a t i o n s  of each v a r i e t y ,  

RESULTS AND DISCUSSION: 

A good s tand  was a t t a i n e d ,  but  cool  temperatures i n  the  e a r l y  
0 

growing season (mean Apr i l  temperature,  5 below normal) caused slow 

growth, thus p l an t s  were smal le r  than usua l  by mid-June, F i r s t  

blossoms d id  no t  open u n t i l  about 25 June, 

Excess shedding was noted ea r ly ,  and was be l ieved  t o  be due t o  

lygus i n j u r y .  Corn-ear worms a l s o  d id  cons iderable  damage throughout 

the season, An ex tens ive  pink b o l l  worm con t ro l  program was c a r r i e d  

ou t  during the  season beginning 12 July,  w i th  14 spray  app l i ca t ions  

being used. 

I r r i g a t i o n s  were given on 23 May, 29 June, 24 Ju ly ,  15 Aug,, and 

12 Sept ,  The J u l y  and August i r r i g a t i o n s  were g iven  l a t e r  than v i s u a l  

p l a n t  symptoms indica ted ,  t o  f a c i l i t a t e  a support ing study on l e a f  

temperature.  S o i l  moisture dep le t ion  a t  these  i r r i g a t i o n  da t e s  was 

somewhat g r e a t e r  than the  65% normally used t o  i n d i c a t e  need f o r  

i r r i g a t i o n .  However, no extreme p l an t  s t r e s s  condi t ions  were noted. 

It was f e l t  t h a t  y i e l d  was a f f e c t e d  more by corn-ear  worm damage than 

by excess ive  so i l -mois ture  s t r e s s  on the s h o r t - s t a p l e  v a r i e t i e s ,  bu t  

long-s tap le  y i e l d  may have been lowered by the excess ive  so i l -mo i s tu re  

s t r e s s ,  

SUMMARY AND CONCLUSIONS : 

In s p i t e  of  t h e  gene ra l ly  unfavorable  e a r l y  growing season and 

the  high worm and i n s e c t  i n f e s t a t i o n ,  a l l  co t ton  v a r i e t i e s  used about 

t he  same amount of  water  (Table 1 and Figure 1 ) .  Ln 1966, Pima S-4 

used considerably l e s s  water than  the s h o r t - s t a p l e  v a r i e t i e s .  I n  
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1967 it did not, but again the fact that corn-ear worm affected the 

long-staple considerably less than the short-staple varieties may 

have been a factor. Seasonal consumptive use was down about 7 in. 

from a long-term mean. 

PART 11: UP-DATING CONSUMPTIVE USE ESTIMATES FOR SORGHUM. 

INTRODUCTION : 

For need of study, see Annual Reports for 1956, 1957 and 1960. 

OBJECTIVES : 

1. To determine the consumptive use of, and make evaporimeter 

measurements on, one of the originally-used varieties (DD-38) and 

one of the present-day, popular hybrid varieties of sorghum. 

2. To check for possible correlation of evaporation as indicated 

by Piche evaporimeter with consumptive use. 

PROCEDURE : 

The experimental plot is located on Field 11, Borders 20, 21, 

22. and 23 at the University of Arizona Mesa Experiment Farm, Mesa, 

Ariz. Minimum tillage was used prior to preparation of 40-in, beds. 

75 lbs of nitrogen were applied and a pre-planting irrigation was 

given on 12 June. Borders 20 and 23 were planted to I-Iegari sorghum 

in an attempt to minimize bird damage to the main plots near time of 

harvest, Borders 21 and 22 were divided into four plots each. Two 

plots on each border were planted to DD-38 and two to NK-310, making 

a total of four replications for each variety. 

Irrigations were given when visual plant symptoms and soil 

moisture determinations indicated the plants needed water. All 

varieties were irrigated on the same day regardless of differences in 

soil moisture tensions. 

A Piche atmograph was installed over DD-38 in Border 22 on 

4 Aug. Yield measurements were made on areas 90 ft x 13.3 ft in each 

plot. Soil moisture measurements were made at two locations in each 

of the three varieties. 
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RESULTS AND DISCUSSION: 

Sorghum was planted on 22 June and an e x c e l l e n t  s tand  obta ined .  

An i r r i g a t i o n  was given on 30 June f o r  corn-borer c o n t r o l .  Regular 

i r r i g a t i o n s  were given 1 Aug., 16  Aug,, L S e p t , ,  and 27 Sept ,  DD-38 

i n i t i a l l y  grew more r a p i d l y  than the  o the r  two v a r i e t i e s .  It a l s o  

headed sooner and matured f a s t e r  than e i t h e r  the  NK-310 o r  the  Hegari ,  

The Pas t  i r r i g a t i o n  was given when t h e  DD-38 was a l ready  i n  t he  

l a t e  dough s tage .  S o i l  mois ture  samples i n  t he  DD-38 p l o t s  i nd ica t ed  

t h a t  enough a v a i l a b l e  moisture remained t o  f u l l y  mature t h i s  v a r i e t y ,  

The NK-310 and the  Hegari were s t i l l  i n  the  blossom-to-milk s t a g e  when 

the  f i n a l  i r r i g a t i o n  was given. Consumptive use f i g u r e s  f o r  the 

double-dwarf v a r i e t y  may be somewhat high because of t h i s  f i n a l  

i r r i g a t i o n .  

Yield measurements were made only on DD-38 and NK-310, Yields 

were 5269 and 6156 1bs per ac re ,  r e s p e c t i v e l y ,  f o r  t he  DD-38 and 

K-310 .  This amounted t o  a 17% inc rease  i n  favor  of NK-310. 

SUMMARY AND CONCLUSIONS : 

DD-38 matured about two weeks e a r l i e r  than  NK-310 or  Hegari,  

Since a l l  v a r i e t i e s  were wi th in  the  same borders ,  i r r i g a t i o n  of one 

neces s i t a t ed  the  i r r i g a t i o n  of t he  o the r .  The fou r th  i r r i g a t i o n ,  

though l i g h t ,  was necessary f o r  the  NK-310 and t h e  Hegari,  but no t  

f o r  the  DD-38. Although the  consumptive use f o r  t h e  DD-38 was 

measured a t  30.7 i n , ,  i t  i s  es t imated i t  would have been nearer  26 i n .  

without  t h e  l a t e ,  unnecessary i r r i g a t i o n  (Figures  2, 3,  and 4 ) ,  

Studies  i n  t he  l a t e  1950 ' s  u t i l i z i n g  f-Iegari, RS-610, and DD-38 

showed t h e  need f o r  c o r r e l a t i n g  the  l a s t  i r r i g a t i o n  with the  matur i ty  

d a t e ,  These s t u d i e s  showed, a s  do t h i s  y e a r ' s ,  t h a t  the  number of 

i r r i g a t i o n s  a r e  a s soc i a t ed  with the  seasonal  consumptive use, e spec i a l ly  

t he  l a s t  i r r i g a t i o n ,  which encourages second growth. In  t h i s  y e a r ' s  

s tudy,  i f  each of t he  f i r s t  t h r e e  i r r i g a t i o n s  could have been delayed 

t h r e e  days,  a fou r th  i r r i g a t i o n  would probably no t  have been requi red  

f o r  t he  Hegari o r  t h e  NK-310. Ear ly  s t u d i e s  showed t h a t  the f i r s t  
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irrigation was necessary on DD-38 earlier than on FIegari, The response 

of NK-310 showed it to be similar to Hegari, and thus we can assume 

the water management for the hybrid NK-310 to be similar. 

PERSONNEL: Leonard J. Erie and Orrin F. French 
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Table 1. Yield and consumptive use of water by c o t t o n ,  1967,  

Varieties Seed Lint Lint Consumptive 

use 

Acala 44-10 39 7 39-8  158.0 2 , 1  34,5  
a 

Deltapine S,L. 35 7 39,O 139.4 2 .5  3 3 - 2  

Pima 5-4 39 7 37 . O  146-9 2-0 34 ,3  
a 

Hopicala 294 40.3 118,s 2 . 1  33.7 

Stoneville 213 486 40,5 196,8 2 .6  34 ,4  

a Only three replications used in yield measurements, 
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Figure 2 ,  Consumptive use for sorghum (DD-38) at Mesa, Arizona 1967. 
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Figure 3, Consumptfve use for sorghum (Hegar i )  at > h a ,  Arizona 1967. 
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Figure 4 ,  Co'nsunpt2ve use for sorghum (I%-310) at Hesa, Arizona 1367,  
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TITLE : MEASURING HORIZONTAL AND VERTICAL CONDUCTXU 

WITH THE DOURLE-TUBE METHOD 

LINE PROJECT: SWC W7 gG-l CODE NO. :  Ariz,-WCL-25 

INmODUCTION : 

Work was con t inued  on t h e  f a s t - r e s p o n s e  f i e l d  t e n s i o m e t e r  sys tem 

a s  o u t l i n e d  i n  Annual Report  1966, The t e n s i o m e t e r  sys tem shou ld  be 

a b l e  t o  provide adequa te  and a c c u r a t e  p ressure -head  d a t a  f o r  h y d r a u l i c  

c o n d u c t i v i t y  and e v a p o t r a n s p i r a t i o n  measurements, 

PROCEDURE : 

The tens iomete r  sys tem ( see  Annual Report  1966 f o r  d e r a i l s )  was 

i n s t a l l e d  a t  a new l o c a t i o n  i n  t h e  bermudagrass lawn, The t e s t  p l o t  

was 150 cm s q u a r e  w i t h  a  s h e e t  meta l  border  su r rounding  t h e  p l o t ,  

The a r e a  o u t s i d e  t h e  t e s t  p l o t  a c t e d  a s  a  b u f f e r  zone,  A n e u t r o n  

a c c e s s  tube was i n s t a l l e d  i n  t h e  c e n t e r  o f  t h e  p l o t  f o r  w a t e r  coi l tent  

measurements, L o c a t i o n  and d e p t h  01 t h e  t e n s i o m e t e r s  a r e  shown i n  

F igure  1, 

The p l o t  a r e a  was inunda ted  t o  " s a t u r a t e "  t h e  p r o f i l e ,  The p l o t  

a r e a  was then  covered w i t h  a  p l a s t i c  s h e e t  t o  p reven t  e v a p o r a t i o n ,  so  

t h a t  changes i n  w a t e r  c o n t e n t  were due t o  d r a i n a g e  a l o n e ,  A f t e r  

d ra inage  was e s s e n t i a l l y  complete,  t h e  p l o t  was uncovered and evapo- 

r a t i o n  was a l lowed.  Mumerous w e t t i n g  and d r y i n g  c y c l e s  were conducted 

throughout  t h e  y e a r ,  

When t h e  p r e s s u r e  head a t  a  c e r t a i n  d e p t h  became l e s s  than -800 

cm, t h e  t e n s i o m e t e r s  a t  t h a t  d e p t h  were d i sconnec ted  t o  reduce thc  

chance of a i r  e n t e r i n g  t h e  r e s t  o f  t h e  t ens iomete r  sys tem,  This  was 

necessa ry  on ly  f o r  t h e  t e n s i o m e t e r s  a t  sha l low dep ths  , 

RESULTS AND DISCUSSZOEJ : 

The t e n s i o m e t e r  sys tem performed s a t i s f a c e o r i l y  f o r  a  10-month 

p e r i o d ,  

Water c o n t e n t - p r e s s u r e  head c u r v e s  were o b t a i n e d  f o r  s o i l  d e p t h s  

from 25 t o  130 cm from t h e  numerous w e t t i n g  and d r y i n g  c y c l e s ,  Thesc 

curves  a r e  shown i n  F i g u r e s  2 and 3 ,  The u n s a t u r a t e d  h y d r a u l i c  

Annual Report of the U.S. Water Conservation Laboratory



conduct iv i ty  (K) -pressure  head (P) r e l a t i o n s h i p  was ob ta ined  from t h e  

dra inage  of the  p l o t  when evapora t ion  was excluded,  This  was done 

us ing  the  procedure of Van Bavcl (sec Annual Report i 9 6 6 ) ,  The K-P 

curves  a r e  shown i n  F igures  4 and 5 fo r  depths  40 t o  130 cm. 

Brooks and Cory (1) have shown t h a t  the  r e l a t i o n  between K and 

P should p l o t  as  two s t r a i g h t  l i n e s  on log  log paper and can be 

expressed by 

/' 
K = I< f o r  P = 

0 Pa 

and 

where 

KO = K a t  P = 0, 

P = a i r - e n t r y  p re s su re  of t he  s o i l ,  
a  

q = pore s i z e  d i s t r i b u t i o n  index,  

Values of KO, Pa, and 7 a r e  given below f o r  t he  d i f f e r e n t  dep ths ,  

Depth 

cm 

4 0  

5 5 

70 

8 5 

100 

130 

Brooks and Cory ind i ca t ed  t h a t  7 can t h e o r e t i c a l l y  not  be l e s s  

t han  2 ,  The va lue  of 7 may approach 2 when the  medium has a very  wide 

range of pore s i z e s ,  However, t h e  work of Brooks and Gory was done 

on l abo ra to ry  columns w i t h  s o i l  t h a t  had no s t r u c t u r e ,  Their  theory 
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a l s o  s t a t e s  t h a t  K i s  obtained a t  o r  near 100% s a t u r a t i o n  and a t  a 
0  

pressure  head between zero  and P . Sa tu ra t ion  of 100% i s  seldom 
a 

a t t a i n e d  i n  the  f i e l d ,  Pressure heads between zero and 
a  

experiment occurred a t  70 t o  80% s a t u r a t i o n ,  Since the  lower l i m i t  

of 7 i s  based on the r e l a t i v e  s a t u r a t i o n  versus  pressure  r e l a t i o n s h i p ,  

t h i s  lower l i m i t  may have t o  be r ev i sed  t o  co e n s a t e  f o r  t he  f a c t  

t h a t  100% s a t u r a t i o n  i s  n o t  achieved when P i s  between zero and P . 
a 

During evapo t r ansp i r a t ion  from the  bermudagrass, a  d iu rna l  t r end  

i n  the pressure  head was observed, p a r t i c u l a r l y  a t  the  shallower depths ,  

An example of t h i s  behavior f o r  the  5-cm depth i s  shown i n  I'igure 6 ,  

A very rap id  change i n  pressure  occurred during the day l igh t  hours and 

e s s e n t i a l l y  no change occurred during the n i g h t ,  Data f o r  depth from 

10 t o  70 cm a l s o  showed a higher  r a t e  of pressure  change during the  day 

than a t  n ight  even though drainage was occurr ing  a t  t imes,  The high 

r a t e  of pressure  change during the day i s  i n d i c a t i v e  of water  uptake 

by r o o t s ,  From the  unsa tura ted  hydraul ic  conduct iv i ty  c h a r a c t e r i s t i c s  

and accura te  hourly hydraul ic  g rad ien t  values,  i t  may be poss ib le  t o  

c a l c u l a t e  roo t  uptake i n  the  p r o f i l e  and sepa ra t e  t h i s  from drainage 

on an hourly bas i s .  Future work w i l l  be aimed toward t h i s ,  

SUMMARY AND CONCLUSIONS : 

The mul t ip l e  tensiometer  sys  tem cons i s t i ng  of a  small  volume 

displacement t ransducer  connected t o  a  number of tensiometers  ~rhrough 

a  hydraul ic  scanning va lve  performed s a t i s f a c t o r i l y  f o r  l o  months 

under f i e l d  condi t ions .  Well-defined s o i l  water  c h a r a c t e r i s  r i c s  were 

obtained fo r  s o i l  depths from 25 t o  130 cm by using t h e  tensiometer  

da t a  i n  connection w i t h  water  conten t  measured wi th  the  neutron 

s c a t t e r i n g  method, The unsa tura ted  hydraul ic  conduct iv i ty  charac-  

t e r i s t i c  was obtained from a drainage cyc le  w i t h  evaporat ion excluded 

using the  method of ins tan taneous  p r o f i l e s .  The r e s u l t i n g  curves 

showed t h a t  t he  t h e o r e t i c a l  r e l a t i o n s h i p s  developed by Brooks and 

Cory do not  hold f o r  f i e l d  s o i l .  A d i u r n a l  behavior of t he  pressure  

head, probably due t o  higher  r a t e s  of water uptake by the  r o o t s  d u r i n g  
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t h e  day t h a n  d u r i n g  t h e  n i g h t ,  was observed ,  The f a s t  response o f  t h e  

t e n s i o m e t e r  sys tem may e n a b l e  t h e  e v a l u a t i o n  o f  w a t e r  uptake by r o o t s  

on an hour ly  b a s i s .  

REFERENCES: 

1. Brooks, R .  H.,  and A. T. Cory, Hydraul ic  p r o p e r t i e s  o f  porous 
media, Hydrology Paper No, 3 ,  Colorado S t a t e  U n i v e r s i t y ,  F o r t  
C o l l i n s ,  Colorado, March 1964, 

PERSONNEL: Herman Bouwer and R, C. Rice, 
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Figure  1. L o c a t i o n  and d e p t h  i n  c m  01 t e n s i o m e t e r s  i n  f i e l d  p l o t .  
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Pressure head, crn 

re 2, Water content- 
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Pressure head, c m  

Figure 4 ,  Hyc!raui i~  c o i ~ d r n ~ t  i v i  t y  - pressur i .  , rarv, t o r  
SO-, 85-, ail: 100-en u - p t h s ,  
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P r e s s u r e  head, c m  
0 0 

Figure 5 ,  Hydrau l ic  c o n u u c t i v i t y - p r e s s u r e  curve f o r  
55-, 70-, anti 130-ern d e p t h s ,  
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F i g u r e  6. P r e s s u r e  head r e c o r d  at 5-cm d e p t h  i n  p l o t  w i t h  a bermudagrass 
cover ,  Day starts at midnight, 
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TITLE : PLANT RESPONSE TO CHANGES I N  EVAPOKATZVE DENAND AND 

SOIL WATER POTENTIAL, AS SHOWN BY MEASUREMENTS OF 

LEAF RESISTANCE, TRCINSPIRCITION, LEAF TEMPERATURE, AND 

LEAF WATER CONTENT. 

LINE PROJECT: SWC W9 gG-6 CODE NO.  : Ariz .  -WCZ-29 

PART I .  LEAF TEMPERATURE OF TWO SPECIES OF COTTON PUNTS I N  THE 

FIELD AS RELATED TO SOIL WATER DEPLETION. 

INTRODUCTION : 

The o b j e c t i v e  was t o  confirm with t h e  c o t t o n  p l a n t  what had been 

demonstrated e a r l i e r  wi th  sorghum i n  t he  f i e l d ,  v i z . ,  t h a t  a decrease  

i n  s o i l  water a v a i l a b i l i t y  even tua l ly  caused a  progress ive  i nc rease  

i n  l e a f  temperature  (T ) due t o  s tomata1 c l o s u r e .  I f  such a  p l a n t  
L  

response could be  shown t o  occur  gene ra l l y ,  a  s e n s i t i v e  measurement 

of T  re fe renced  t o  a i r  temperature  (T ) might be  used a s  a  guidc t o  
L  A 

t imely i r r i g a t i o n .  I n  t h e  previous research  wi th  sorghum, subs tan-  

t i a l  changes i n  T  occurred,  from a t  l e a s t  5 C below T  i n  a  r ecen t -  
L  A 

l y  i r r i g a t e d  s o i l  t o  an equa l  amount above T when the  s o i l  was 
A 

v i r t u a l l y  dep le t ed  of a v a i l a b l e  water i n  t h e  1 .4  m s o i l  p z o f i l e .  

However, t h e  extreme d e p l e t i o n  of a v a i l a b l e  s o i l  water t h a t  was per -  

mi t t ed  f o r  experimental  purposes undoubtedly i n t e n s i f i e d  T  responses  
L  

over what might be expected under convent ional  i r r i g a t i o n  p r a c t i c e s  

conducive t o  optimum y i e l d s .  

Therefore ,  s i n c e  t h e  p lan  f o r  coLton was Co i r r i g a t e  f o r  maximum 

l i n t  y i e l d ,  a t  no t ime was i t  a n t i c i p a t e d  t o  permit such a  s eve re  

s o i l  water d e p l e t i o n  a s  i n  t h e  sorghum, Consequently, t he  adequacy 

of T  a s  a  guide t o  i r r i g a t i o n  schedul ing would be put t o  a  more r i g -  
7, 

orous t e s t  than p rev ious ly .  Never the less ,  i t  was reasonable  t o  ex- 

pec t  a  measurable r i s e  i n  l e a f  temperature  because of Lhe p lan  f o r  

de lay ing  i r r i g a t i o n  un t i l .  65% of the  a v a i l a b l e  water i n  thc upper m 

of s o i l  was dep le t ed .  This  schedule  u s u a l l y  induces v i s u a l  symptoms 

of moderate w i l t i n g ,  due t o  t he  p r e v a i l i n g  high evapora t ive  demand 

during midseason and l a t e r .  
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The l o s s  of l e a f  t u r g i d i t y  i s  s t r i k i n g l y  ev iden t  i n  long s t a p l e  

co t ton ,  bu t  much l e s s  s o  i n  s h o r t  s t a p l e  v a r i e t i e s .  This  pronounced 

d i f f e r e n c e  provided a  reason f o r  comparing Pima and Del tap ine  i n  ad -  

j acen t  p l o t s .  The hypothes i s  was t h a t  T  of bo th  s p e c i e s  would r i s e  
L  

i n  response t o  s o i l  water  dep l e t i on ,  with pos s ib ly  a  g r e a t e r  e f f e c t  

i n  Pima than i n  Del tap ine ,  due t o  t h e  v i s i b l y  g r e a t e r  d e s i c c a t i o n  i n  

t h e  former when t h e  p l a n t s  show an i n t e r n a l  water d e f i c i t .  

PROCEDURE : 

The experiment was c a r r i e d  o u t  i n  f i e l d  6-1  of t h e  Un ive r s i t y  of 

Arizona Cotton Research Center ,  about one-half mi le  south  of t h e  

Laboratory. The n ine -ac re  f i e l d  was s p l i t  i n t o  approximately two 

ha lves ,  one a  l a rge ,  homogeneous s tand  of s h o r t  s t a p l e  c o t t o n  

(Gossypium hirsutum v a r .  Del tap ine  S L ) ,  t h e  o t h e r  a  t e s t  comparing 

fou r  v a r i e t i e s  of s h o r t  s t a p l e  co t ton  with a  long s t a p l e  v a r i e t y  

(Gossypium barbadense v a r .  Pima 5 - 4 ) .  Plan t  rows were 1 m a p a r t ,  

wi th  a  spacing of about 20 cm between p l a n t s .  I r r i g a t i o n  schedul ing  

of  t h i s  f i e l d  was i n  accordance wi th  a  backlog of experimental  da ta  

gained by Leonard E r i e  dur ing  previous y e a r s .  See Ariz.-WCL-23 For 

f u r t h e r  d e t a i l s ,  

Mature leaves  nea r  t h e  t op  of t h e  p l a n t  were threaded wi th  

0.1-mm diameter  thermocouples, i n s e r t e d  i n  t he  midvein. One r e p l i c a -  

t i o n  c o n s t i t u t e d  fou r  leaves  d i s t r i b u t e d  along 1 m of row length ,  

wired i n  p a r a l l e l .  The f i r s t  r e p l i c a t i o n  was f a r  enough from t h e  

road t o  be  r e l a t i v e l y  una f f ec t ed  by d u s t .  Two a d d i t i o n a l  r e p l i c a -  

t i o n s  were i n  t h e  same row, spaced 10  m a p a r t .  The p l a n t s  wi th  

thermocouples were i n  t h e  t h i r d  row of rhe four-row u n i t  p lan ted  t o  

a  given v a r i e t y  (Pima S - 4 ) .  The ad j acen t  four  rows t o  t h e  e a s t  were 

a t  t he  edge of a  l a r g e  block of Del tap ine  SL c o t t o n .  Thermocouples 

were placed i n  p l a n t s  of t h e  second row of t h e  four-row u n i t .  Again 

t h e r e  were t h r e e  r ep l . i c a t i ons ,  t h e  s i t e s  being along the  row, 

oppos i t e  t o  those of  Pima, t h r e e  rows away. 

This arrangement provided a  buEfer row of each of t he  t w o  

Annual Report of the U.S. Water Conservation Laboratory



s p e c i e s ;  y e t  t h e  two s p e c i e s  being measured were only t h r e e  rows 

a p a r t ,  and t h e r e f o r e  most l i k e l y  were subjec ted  t o  t h e  same micro- 

c l ima te ,  Separa te ,  i n s u l a t e d  lead  wires  of copper and cons tan tan  led 

over  t h e  ground t o  a  cold junc t ion  f o r  temperature  r e f e r ence  and t o  a 

s h e l t e r  box housing a  12-point  r eco rde r .  Hourly read ings  were p r i n t -  

ed ou t  of t h e  s i x  s e t s  of T and of T  and vapor p re s su re ,  t h e  l a t t e r  
E A 

two environmental measurements being taken l m above the  crop i n  a  

v e n t i l a t e d ,  r ad i a t i on - sh i e lded  housing. P r i n t o u t  of 12 channels took 

t h r e e  minutes .  A s  t h e  c rop  grew, t h e  thermocouples were moved t o  

h ighe r  s i t e s  s o  a s  t o  be measuring wel l  exposed, mature l eaves ,  The 

da t a  were ob ta ined  hour ly  over t h r e e  i r r i g a t i o n  cyc l e s  occur r ing  i n  

J u l y ,  August, and September 1967. Four channels were reserved  f o r  

measurement of b o l l  temperatures  l a t e r  i n  the  season.  $lowever, b o l l  

absc i s s ion  a t  i r r e g u l a r  i n t e r v a l s  v i r t u a l l y  e l imina ted  conc lus ive  

d a t a .  

Leaf r e s i s t a n c e  (RL) readings were taken s e v e r a l  t imes per  day 

on the  day preceding i r r i g a t i o n  and s h o r t l y  t h e r e a f t e r ,  f o r  c o r r e l a -  

t i o n  with T  d a t a .  
L 

Other in format ion  of  probable  va lue  t o  i n t e r p r e t a t i o n  of t he  

d a t a  c o l l e c t e d  he re ,  b u t  taken by Leonard E r i e  and Fred French (See 

WCL-23) were n e t  r a d i a t i o n  1 m above the  crop, d a i l y  wind t r a v e l  

a t  30 cm and 1 m above t h e  crop, g r av ime t r i c  s o i l  water conten t  

changes with time, cont inuous Piche evapor imet r ic  l o s se s ,  and l i n t  

y i e l d s  of t h e  f i v e  c o t t o n  v a r i e t i e s .  

RESULTS : 

Figure 1 g ives  t y p i c a l  T  r e s u l t s  obtained a t  t he  time of maxi- 
L  

mum c o n t r a s t ,  i . e . ,  a  three-day per iod inc luding  t h e  days be fo re ,  

during,  and a f t e r  i r r i g a t i o n .  Despi te  t he  v i s u a l  w i l t  symptoms of 

much g r e a t e r  s e v e r i t y  i n  Pima than i n  Del tap ine  on 12 September, 

va lues  were q u i t e  s i m i l a r .  A t  t imes, however, Del tap ine  r a t h e r  than 

Pima was t h e  warmer, by a t  l e a s t  one degree.  Leaf r e s i s t a n c e  read-  

ings ,  having a  dependence on s tomata1 a p e r t u r e  s i m i l a r  t o  t h a t  of T 
L ' 
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could be  expected t o  respond i n  a  manner c o n s i s t e n t  wi th  T  responses .  
L 

However, t h i s  was t r u e  only p a r t  of the  t ime.  It i s  p o s s i b l e  t h a t  

another  f a c t o r  was of cons ide rab l e  importance i n  thi.s regard ,  the  

d i f f e r e n c e  i n  l e a f  ang le  between s p e c i e s .  

The d e f i n i t e  tendency of Del tap ine  leaves  t o  assume a  l e a f  angle  

n e a r l y  perpendicu la r  t o  s o l a r  r a d i a t i o n  may be more important  i n  

expla in ing  d i f f e r e n c e s  i n  T. between spec i e s  than R d a t a .  The 
L L 

l eaves  of Pima, n o t  having such a  s t rong  h e l i o t r o p i c  response a s  

those  of Del tapine,  may thereby avoid such a  g r e a t  r a d i a n t  energy in -  

t e r cep t ion ,  and thus make a  given s tomata l  a p e r t u r e  r e l a t i v e l y  more 

e f f e c t i v e  i n  evapora t ive  cool ing .  

Although % d a t a  d i d  no t  h e l p  expla in  d i f f e r e n c e s  i n  T beirween L 
spec i e s ,  they were c o n s i s t e n t  with t h e  o v e r a l l  change i n  T  i n  

L 
response t o  s o i l  water d e p l e t i o n .  For example, t h e  day be fo re  i r r i -  

ga t ion ,  12 September, was c loud le s s ,  with i l l umina t ion  of 110 k i l o l u x  

a t  1400, when % measurements were taken;  t h i s  i l l u m i n a t i o n  was much 

i n  excess  of t h e  va lue  a t  which we l l  watered p l a n t s  show maximum 

s tomata l  opening (minimal R-,,). Del tap ine  leaves had % values  of 
- 1 

4 . 2  sec  crn-I, and Pima 2.6 s ec  cm , a s  an average of bo th  epidermes. 

Nine days l a t e r ,  i n  f u l l y  i r r i g a t e d  s o i l ,  \ had dropped t o  0 . 1  t o  
- 1 

0 . 2  s ec  cm i n  bo th  spec i e s ,  t h e  measurements aga in  being taken a t  

1400 and i n  s a t u r a t i o n  i l l u m i n a t i o n .  These d a t a  i n d i c a t e  t h a t  s o i l  

water  de f i c i ency  was inducing p a r t i a l  s tomata l  c l o s u r e  on 12 September. 

Although t h e  RL d a t a  j u s t  c i t e d  f o r  p l a n t s  i n  dry s o i l  can be  

descr ibed  a s  only moderately high,  they d e f i n i t e l y  i nd i ca t ed  p a r t i a l  

s tomata l  c l o s u r e  a t  t h e  same time t h a t  T values  were a  few degrees  
L 

above a i r  temperature .  L a t e r ,  a f t e r  a heavy i r r i g a t i o n ,  T dropped L 
t o  a  few degrees  below a i r  temperature  i n  response t o  t h e  decrease  

i n  RL, t o  minimal va lues .  

S imi l a r  T  changes were observed f o r  t h e  two o t h e r  i r r i ga t i . on  
L  

cyc l e s .  Occasional days showed somewhat g r e a t e r  d i f f e r e n c e s  between 

T  and TA than those  of Figure 1. L 
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SUMMARY AND CONCLUSIONS: 

F ie ld  measurements confirmed the  main hypothesis ,  v i z . ,  

t h a t  l eaf  temperatures of co t ton  p l a n t s  i n  t h e  f i e l d  respond t o  

changes i n  s o i l  water con ten t .  Negative evidence was obtained f o r  

t h e  secondary hypothes is ,  v i z . ,  t h a t  long s t a p l e  c o t t o n  (Pima S-4),  

which shows a  much more severe  v i s u a l  w i l t  than s h o r t  s t a p l e  

v a r i e t i e s ,  would show a  g r e a t e r  r i s e  i n  l e a f  temperature than 

Del tap ine  SL, i n  response t o  a  s o i l  water de f i c i ency  imposed by a  

drying cyc le .  

Extending over  t h r e e  i r r i g a t i o n  cyc les ,  hour ly  measurements were 

made of l e a f  temperatures  of exposed leaves near  the top  of t he  p l an t  

(by use  of thermocouples i n  t he  l e a f  midribs)  i n  a d d i t i o n  t o  a i r  

temperature and vapor p re s su re  a t  1 m above the  crop.  These measure- 

ments were supplemented by pe r iod ic  leaf  r e s i s t a n c e  readings a t  

c r i t i c a l  t imes. Supplementary d a t a  taken by personnel  involved i n  

another  experiment with the  same crop included changes i n  s o i l  water 

conten t ,  n e t  r a d i a t i o n ,  Piche evaporat ion,  d a i l y  wind t r a v e l  a t  two 

he igh t s ,  and l i n t  y i e l d s  from f i v e  v a r i e t i e s  of co t ton .  

The l ea f  temperature of bo th  co t ton  spec i e s  was q u i t e  s i m i l a r ,  

b u t  tended t o  be h igher  i n  Del tap ine  than i n  Pima. This  may have 

been due t o  l ea f  o r i e n t a t i o n  i n  r e s p e c t  t o  sun angle,  such t h a t  

Del tap ine  absorbed more r a d i a n t  energy than Pima. Leaf temperature 

changed from 2-3 degrees below a i r  temperature i n  s o i l  wi th  f r e e l y  

a v a i l a b l e  water t o  a  l i k e  amount above a i r  temperature i n  s o i l  dry 

enough t o  cause w i l t i n g  i n  e a r l y  a f te rnoon.  Leaf r e s i s t a n c e  values 

changed accordingly,  being moderately high (3-4 sec  i n  dry 
- 1 

s o i l  and n e g l i g i b l e  ( 0 . 1  s ec  cm ) i n  wet s o i l .  I n  conclusion,  with 

c a r e f u l  technique, i t  seems f e a s i b l e  t o  use  l ea f  temperature of 

c o t t o n  a s  a  guide t o  t he  i r r i g a t i o n  scheduling conducive t o  favorable  

l i n t  y i e l d s .  
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PART 11. LEAF TEMPERATURE AND TRANSPIRATION OF TKE AGAVE 

INTRODUCTION: 

A greenhouse experiment had shown t h a t  t r a n s p i r a t i o n  by agave a t  

n igh t  over a  12-hour per iod was twice the  daytime va lue .  However, 
-2 -1 

these  h igher  r a t e s  a t  n igh t  s t i l l  were q u i t e  low, only 30 g  m h r  , 
- 1 

o r  1 - 2 g  h r  per  p l a n t .  Due t o  weighing l i m i t a t i o n s ,  t h i s  low r a t e  

prevented s tudy of a  poss ib l e  p e r i o d i c i t y  of water l o s s  a t  n i g h t .  

The problem i n  essence was one of a  low evapora t ive  demand a t  n igh t ,  

due t o  the  fol lowing f a c t o r s :  (1) a  lower a i r  temperature (T ) a t  
A 

n igh t  than during t h e  day (21 C vs .  35 C ) ,  (2) l ea f  temperature (TL) 

near  T  (3)  vapor p re s su re  maintained near  20 mb, and ( 4 )  n e g l i g i b l e  
A' 

a i r  movement. An a d d i t i o n a l  f a c t o r  was the  use  of a  smal l  p l a n t  with 

a  consequent low l e a f  a r e a .  

A s o l u t i o n  t o  t he  problem was sought by conducting an experiment 

i n  t h e  con t ro l l ed  environment room. This  t r a n s f e r  of experimental  

s i t e s  permit ted a  h igher  T  and consequently T  lower vapor pressure  
A L' 

(15 mb), and a  somewhat g r e a t e r  a i r  movement. I n  add i t i on ,  purchase 

of a l a r g e r  balance,  with a  capac i ty  of 13 kg and a  s e n s i t i v i t y  of 

one gram, permit ted u s e  of a  much l a r g e r  p l a n t  than  before ,  with a  

corresponding ga in  i n  l e a f  a r e a .  These measures con t r ibu ted  t o  an 
- 1 inc rease  i n  noc turna l  t r a n s p i r a t i o n  r a t e ,  l o s se s  of up t o  20 g  h r  

being obtained.  This r a t e  was s u f f i c i e n t  t o  d e t e c t  s i g n i f i c a n t  

changes i n  t r a n s p i r a t i o n  dur ing  a long period of darkness .  

PROCEDURE : 

An agave with a  f r e s h  weight of 4320 g  was t r ansp lan ted  t o  a  5-1  

pot  of s tandard s o i l ,  t h e  su r f ace  of which had a  w a t e r t i g h t  s e a l .  

Greenhouse measurements e s t ab l i shed  a  t r a n s p i r a t i o n  norm of 20 g  

during 10-12 hours of day l igh t  a s  compared t o  200-300 g  f o r  t h e  r e s t  

of the  24 hours .  

On the  day be fo re  t h e  experiment, t he  p l an t  was taken t o  the 

con t ro l l ed  environment room a t  1500, where the  i l luminance of 52 

k i l o l u x  was s i m i l a r  t o  t h a t  i n  the  greenhouse j u s t  be fo re  t r a n s f e r .  
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A i r  temperature  was 30.0 2 0 . 5  6 ,  vapor p re s su re  15 .1  5 0.2 mb, and 

G O 2  350 + 10 ppm. Weight l o s s  measurements began a t  1900 on 6 Sep- 

tember, and were cont inued on an hour ly  schedule .  At 2000 the  l i g h t s  

were turned o f f .  On 7 September t he  i l l umina t ion  was increased  

g radua l ly  t o  52 k i l o l u x  (0 .5  l y  min'l) from 0800 t o  1000. From 0930 

t o  0940 t h e  p l a n t  was i r r i g a t e d  t o  pot capac i ty .  A t  2000 a l l  l i g h t s  

were turned o f f  aga in .  The weighings cont inued i n  t h e  dark u n t i l  

1400 on 8 September, wi th  no f u r t h e r  i l l umina t ion .  Therefore ,  t he  

p l a n t  remained i n  darkness  dur ing  t h e  time i t  normally would have 

been exposed t o  a  s u n r i s e .  

RESULTS : 

Figure 2  c l e a r l y  demonstrates  t h e  changing t r a n s p i r a t i o n  r a t e  in 

a  cons t an t  environment. The r a t e  i n  l i g h t  was low, and t h e r e f o r e  

c o n s i s t e n t  with previous r e s u l t s .  Of primary importance i s  t he  r a t e  

change i n  darkness  ( a f t e r  2000). Although the  d a t a  from only the 

second day a r e  shown, e s s e n t i a l l y  t h e  same p a t t e r n  occurred on bo th  

days.  S t a r t i n g  from a  low po in t  a t  2130, t r a n s p i r a t i o n  ro se  s t e a d i l y  

t o  t h e  peak r a t e  a t  0430, and then dec l ined ,  reaching  t h e  low po in t  

of  e s s e n t i a l l y  no l o s s  s h o r t l y  a f t e r  noon. The only n o t a b l e  d i f f e r -  

ence i n  t he  responses  on the  two days was t h a t  t h e  sha rp  peak a t  

0430 shown i n  F igure  2  was absent  on the  previous day, Exclusive of 

t he  peak a t  0430, t h e  average maximum r a t e  i n  t h e  dark on both  days 
- 1 

was 20 g  h r  per  p l a n t  (30 g  m - 2  h r - l ) .  

The T  d a t a  agree  wi th  previous measurements. I n  t h e  l i g h t  T  
L L 

exceeded T  13 C due t o  r a d i a n t  energy abso rp t ion  a t  t h e  time of a  
A 

low t r a n s p i r a t i o n  r a t e ,  and hence of i n e f f e c t i v e  evapora t ive  cool ing .  

I n  t he  dark T began t o  decrease  slowly a s  soon a s  t he  l i g h t s  were 
L 

turned o f f ,  bu t  d id  no t  reach  ambient temperature f o r  two hours,  be-  

cause of the  massive n a t u r e  of t h e  t i s s u e s  ( t he  thermocouple being 

i n  the  c e n t e r  of a  l e a f  0 . 5  cm t h i c k ) .  La te r ,  a s  the  t r a n s p i r a t i o n  

r a t e  s t e a d i l y  increased ,  TL g radua l ly  decreased, going below TA. By 

0430 T was lower than TA by 2.3, 0 , 9 ,  and 0.5 d e g r e e ~ ~ r e s p e c t i v e l y ,  
L  
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f o r  leaves loca ted  i n  descending order  from the  top.  

SUMMARY AND CONCLUSIONS : 

Progressive changes i n  t he  t r a n s p i r a t i o n  r a t e  of agave occurred 

i n  the dark i n  an environment held a t  30.0 - + 0.5 C ,  1 5 , l  2 0 .2  mb 

vapor pressure ,  350 - + 10 ppm CO content  of t he  a i r ,  and with the  
2 

s o i l  a t  pot capac i ty .  Leaf temperature da t a  were c o n s i s t e n t  with 

t r a n s p i r a t i o n  measurements i n  i n d i c a t i n g  progress ive  s tomata l  opening 

i n  the  dark.  That t he  peak depression of T below TA coincided with 
1, 

the  maximum t r a n s p i r a t i o n  r a t e ,  i l l u s t r a t e s  t h e  e f f e c t i v e n e s s  of 

s tomata l  opening and i t s  a s soc i a t ed  evapora t ive  cool ing,  e s p e c i a l l y  

i n  view of the  th ickness  of t he  leaves .  

The peak t r a n s p i r a t i o n  r a t e  occurred between 0400 and 0600 on 

both days, with t he  minimum s h o r t l y  a f t e r  noon, r ega rd l e s s  of whether 

t h e r e  was l i g h t  o r  n o t .  These r e s u l t s  emphasize t h e  importance of 

t he  -- time of -, r a t h e r  than the  presence o r  absence of l i g h t  i n  t he  

r egu la t ion  of s tomata l  ape r tu re .  The d a t a  t h e r e f o r e  a r e  pre l iminary  

evidence f o r  a  c i r c a d i a n  rhythm i n  s tomata l  opening i n  agave. 
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PART 111. PLANT RESPONSE TO SOIL AND WATER DEPLETION UNDER A CONSTANT 

EVAPORATIVE DEMAND. 

INTRODUCTION : 

T y p i c a l  of o t h e r  r e s e a r c h  f i n d i n g s  i s  t h e  o b s e r v a t i o n  a t  t h i s  

Labora to ry  t h a t  e v a p o t r a n s p i r a t i o n  of sorghum i n  t h e  f i e l d  d i d  n o t  

d e c r e a s e  f o r  25 days  a f t e r  i r r i g a t i o n ,  b u t  then  d e c l i n e d  t o  40% of 

t h e  p o t e n t i a l  r a t e  i n  t h r e e  days .  The r a t e  of d e c r e a s e  i n  t r a n s p i r a -  

t i o n  depends on t h e  e v a p o r a t i v e  demand, t h e  c a p i l l a r y  c o n d u c t i v i t y  of 

s o i l  wa te r ,  and on c e r t a i n  p l a n t  c h a r a c t e r i s t i c s ,  such a s  t h e  o s a o t i c  

p o t e n t i a l  (O.P.) ,  which a f f e c t  t h e  guard c e l l  t u r g o r  p r e s s u r e .  

changes  i n  t u r g o r  p r e s s u r e  u l t i m a t e l y  r e g u l a t e  s to rna ta l  a p e r l u r e .  It 

i s  r e a s o n a b l e  t o  e x p e c t  some s p e c i e s  d i f f e r e n c e s  i n  a b i l i t y  t o  regu lu-  

l a t e  water l o s s  by s t o m a t a 1  c l o s u r e .  S u b j e c t i o n  of d i f f e r e n t  p l a n t  

s p e c i e s  t o  an  environment t h a t  induces  w i l t i n g  i n  a  c o n t r o l l e d  manner 

may l e a d  t o  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  mechanism by which a  p l a n t  

r e g u l a t e s  i t s  wa te r  b a l a n c e .  

P rev ious  work a t  t h i s  Labora to ry  focussed on i n d u c t i o n  of w i l t -  

i n g  by sudden i n c r e a s e s  i n  e v a p o r a t i v e  demand. The w i l t i n g  was 

s h o r t - l i v e d ,  however, and n o t  a s  s e v e r e  a s  i s  found i n  t h e  f i e l d .  

Th i s  undoubtedly  was due t o  t h e  optimum c o n d i t i o n s  f o r  wa te r  absorp-  

t i o n  a f f o r d e d  by t h e  n u t r i e n t  s o l u t i o n  s u b s t r a t e .  T h e r e f o r e ,  i t  was 

dec ided  t o  expose p l a n t s  t o  a  c o n s t a n t  e v a p o r a t i v e  demand, and t o  

induce w i l t i n g  by l i m i t i n g  wate r  a b s o r p t i o n .  Three  a l t e r n a t i v e s  were 

cons idered  f o r  d e p r e s s i n g  wate r  up take  by r o o t s :  (1) lowering r o o t  

t empera tu re ,  ( 2 )  i n c r e a s i n g  t h e  osmot ic  p o t e n t i a l  of t h e  s u b s t r a t e ,  

and (3 )  d e p l e t i n g  a v a i l a b l e  s o i l  wa te r  by con t inued  t r a n s p i r a t i o n .  

Method No. 3  was chosen;  t h i s  t echn ique  can d u p l i c a t e  i n  one day a  

d r y i n g  c y c l e  l a s t i n g  f o r  t h r e e  o r  f o u r  weeks i n  t h e  f i e l d .  

P l a n t  r esponse  t o  a  water  d e f i c i t  can be c h a r a c t e r i z e d  conven- 

i e n t l y  i n  terms of t r a n s p i r a t i o n ,  l e a f  r e s i s t a n c e ,  l e a f  t empera tu re ,  

and l e a f  water  c o n t e n t .  The s t u d y  h a s  been i n i t i a t e d  w i t h  bean, w i l l  

p r o g r e s s  t o  o t h e r  c rops  such a s  sorghux and c i t r u s ,  and w i l l  conclude 
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with h ighly  adapted d e s e r t  p l a n t s  such a s  palo verde (Cercidium - ---- 

f  loridum) and b r i t t l e  bush (Encel ia  farin=). Such a  spec i e s  com- 

par i son  a l s o  w i l l  permit  reexamination of t he  g e n e r a l l y  he ld  v i ev  

t h a t  mesophytes and xerophytes  do no t  d i f f e r  s i g n i f i c a n t l y  i n  t h e i r  

c apac i ty  t o  d e p l e t e  t h e  s o i l  of wa te r ,  

MATERIALS AND ~ T I 1 0 3 S :  

Subs t r a t e .  The r e q u i s i t e s  were t h a t  t he  s u b s t r a t e  ( I )  provide 

adequate a e r a t i o n  t o  t he  r o o t s ,  ( 2 )  be s u f f i c i e n t l y  homogeneous t o  be 

packed t o  a  uniform bulk  dens i ty ,  (3) r e l e a s e  water  over  a  range of 

energy of r e t e n t i o n  va lues  t o  permit d e t e c t i o n  of decreased t r a n s p i r -  

a t i o n  by weight Loss, (4) be f e r t i l e  enough t o  grow normal crops y e t  

noL be s a l i n e ,  and (5) have a  h igh  i n f i l t r a t i o n  r a t e ,  so  a s  t o  permit 

almost ins tan taneous  i r r i g a t i o n  a t  t h e  end of a  drying cyc l e .  

These requirements  were met by thoroughly mixing sphagnum pea t  

moss, sand, and Adelanto loam i n  t he  r a t i o  2 : 2 : l  by volume. Luc i t e  

po t s  11.5 cm i n  d iameter  by 19.5 cm high were packed wi th  s i x  2.5-cm 

increments of t h e  s tandard  mixture  t o  a bu lk  d e n s i t y  of 1 .10  2 0.05.  

Determinat ion of Pot Capaci ty .  During packing of t he  s o i l  an 

aquarium a e r a t o r  wi th  a  bubbl ing p re s su re  of 2  mb was placed on the  

bottom of t h e  p o t .  This  permit ted subsequent removal of excess water  

by vacuum f i l t r a t i o n .  Then t h e  s o i l  was s a t u r a t e d  with a  s tandard  

n u t r i e n t  s o l u t i o n .  S a t u r a t i o n  was ensured by an overn ight  soaking 

and f u r t h e r  small  a d d i t i o n s  of s o l u t i o n ,  a s  judged by t h e  absence of 

a i r  i n  t h e  p r o f i l e  and t h e  presence of a  s u r f a c e  f i l m  of mois Lure. 

Vacuum f i l t r a t i o n  a t  333 mb f o r  15 minutes removed the  excess  water 

t o  a  very uniform l e v e l ,  most of t h e  excess being ex t r ac t ed  i n  t h r e e  

minutes.  A weight of t h e  pot  and con ten t s  be fo re  and a f t e r  f i l t r a -  

t i o n  e s t ab l i shed  t h e  pot  capac i ty ,  i . e . ,  the  amount of water he ld  by  

t he  s o i l  a f t e r  t he  l a r g e  pores d ra ined .  

By use  of an oxygen ana lyzer  and a  tensiometer ,  an a i r  e n t r y  

va lue  oE 19 mb was measured, occur r ing  a f t e r  e i g h t  minutes of vacuum 

f i l t r a t i o n .  A t  t h e  end of t he  15-minute f i l t r a t i o n ,  t h e  s o i l  water 
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t ens ion  (SWT) was 25 mb. Therefore,  the  vacuum f i l t r a t i o n  succeeded 

i n  dra in ing  the  l a r g e  pores,  and the  SWT achieved by t h e  s tandard ized  

procedure was indeed t h a t  corresponding t o  pot capac i ty .  The s o i l  

water content  a t  t h i s  s t a t e  was 0.33 by volume, having been reduced 

from t h e  s a t u r a t e d  va lue  of 0 .44.  

Measurement of Bulk Densi ty.  The bulk d e n s i t y  i s  needed t o  

convert  s o i l  water  conten t  by weight t o  a  volurne b a s i s .  Bulk dens i ty  

was determined i n  t he  fol lowing manner: (1) by c a l i b r a t i n g  each pot 

f o r  volume by weighing t h e  pot  f i l l e d  t o  a  r e f e rence  l i n e  in sc r ibed  

near  t he  top  edge, ( 2 )  packing the  pot with s i x  increments of a i r - d r y  

s o i l  and c a l c u l a t i n g  t h e  oven-dry equiva len t ,  and (3) co r r ec t ing  the  

volume f o r  t he  swel l ing  oE wetted s o i l  by measuring the  he igh t  r i s e  

above t h e  r e f e rence  mark. This procedure gave va lues  f o r  the  

s tandard s o i l  of 1.12 t o  1.20 f o r  d i f f e r e n t  po ts ,  bu t  with 1 .14  a s  

t he  mode. 

S o i l  Water C h a r a c t e r i s t i c  Curves. Since e a r l i e r  measurements 

had shown a d i f f e r e n c e  between d i s tu rbed  and core  samples, a l l  l a t e r  

de te rmina t ions  of t h e  s o i l  water  content  a t  a  given SWT were made 

from core  samples taken from a pot  of s o i l  packed by the  s tandard 

method. The pressure  cooker and pressure  p l a t e  were used t o  e q u i l i -  

b r a t e  r i n g s  of s o i l  a t  t h e  fol lowing va lues  of SWT, i n  b a r s :  0.050, 

0.333, 0.500, 1.000, 5.000, 10.000, and 15.000. From 3 t o  24 r e p l i -  

ca t ions  were run.  By use  of t h e  bulk d e n s i t y  va lues  obtained from 

the  whole pot ,  the  gravimet r ic  water conten t  values of the  core  

samples were converted t o  volumetr ic  water con ten t s .  These da t a  

p l o t t e d  on semi-logarithmic paper served a s  a  master curve f o r  con- 

vers ion  of water conten t  t o  SWT, needed when the SWT exceeded the 

tensiometer  range of 0 , 8  b a r .  

The f i l t r a t e  obtained from sa tu ra t ed  s o i l  was analyzed f o r  

e l e c t r i c a l  conduct iv i ty .  This va lue  was considered a s  a  measurement 

of t he  s a t u r a t i o n  e x t r a c t ,  provided t h a t  ca re  had been taken t o  add 

j u s t  t he  amount of n u t r i e n t  s o l u t i o n  t o  fill the  s o i l  pores 
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completely dur ing  s a t u r a t i o n  of t he  s o i l .  I f  t h e  s a t u r a t i o n  e x t r a c t  

was s a l i n e ,  succes s ive  f i l t r a t i o n s  were c a r r i e d  ou t  u n t i l  t h e  E i l -  

t r a t e  emerged wi th  t h e  same e l e c t r i c a l  conduc t iv i t y  a s  t h a t  of t he  

n u t r i e n t  s o l u t i o n ,  1 . 2  mmho/cm, This  Low va lue  was d e s i r e d  i n  o rde r  

t o  avoid p l a n t  growth depress ion .  By use  of handbook da t a  the  

conduc t iv i t y  va lue  was converted t o  t h e  equ iva l en t  O.P. va lue .  

Expressed i n  mb, t h e  O.P. was added t o  t h e  SWT va lue ,  a l s o  i n  mb, t o  

g ive  an e s t ima te  of t h e  t o t a l  s o i l  water s t r e s s  (TSWS). This va lue ,  

r e c e n t l y  being c a l l e d  t o t a l  s o i l  water p o t e n t i a l  i n  t he  l i t e r a t u r e ,  

i s  a  measure of t h e  energy lowering of s o i l  water ,  and i s  what p l a n t  

r o o t s  must overcome t o  absorb water .  

On the  assumption t h a t  t h e  O.P. i nc reases  i n  d i r e c t  p ropor t ion  

t o  s o i l  water dep l e t i on ,  t h e  O.P .  of t h e  s a t u r a t i o n  e x t r a c t  was ad- 

jus ted  upward by c a l c u l a t i o n  a s  t h e  SWT increased .  These a d j u s t -  

ments permit ted each po in t  on t he  s o i l  water c h a r a c t e r i s t i c  curve 

t o  be  expressed a s  a  TSWS curve, which took account of both SWT and 

inc reas ing  s o l u t e  concen t r a t i on .  This second curve was u t i l i z e d  a s  

a master  curve f o r  r e l a t i n g  p l a n t  response t o  TSWS. 

Procedure f o r  t he  Experiment with Bean. S o i l  was prepared i n  

t h e  s tandard  manner. Bean seeds were sown d i r e c t l y  i n  t he  s o i l  on 

7  April ,and on 17 A p r i l  thinned t o  one p l a n t  per po t .  Four po ts  were 

used, t he  p l a n t s  be ing  grown i n  t he  greenhouse, Tensiometers i n  each 

pot  permit ted water ing a t  a  low SWT, except  f o r  t h r e e  dry ing  cyc l e s  

t h a t  were i n s t i t u t e d  t o  adapt  t h e  p l a n t s  t o  t h e  s t r e s s f u l  environment 

t o  be used l a t e r  i n  t h e  s o i l  water dep l e t i on  experiment.  The t e n s i -  

ometer cups were loca ted  2.5 cm up from t h e  bottom of t h e  po t .  The 

s o i l  water t ens ion  was i nd i ca t ed  on a  mercury manometer a t t ached  t o  

each pot .  S o i l  temperatures  were taken wi th  a  mercury-in-glass  

thermometer dur ing  t h e  growth i n  t h e  greenhouse. 

When t h e  p l a n t s  had formed the  f i f t h  t r i f o l i a t e  l e a f ,  and the  

s i x t h  was emerging, t he se  leaves  were excised,  l eav ing  four  t r i -  

f o l i a t e s  with adequate l e a f  a r ea  f o r  an accu ra t e  weigh"closs 
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measurement of t r a n s p i r a t i o n .  The primary leaves had absc i sed .  The 

one p l an t  judged most uniform was taken t o  t he  l abo ra to ry  i n  t he  

af ternoon,  sub jec ted  t o  t he  technique of n u t r i e n t  s o l u t i o n  i n f i l t r a -  

t i o n  t o  pot capac i ty ,  and wired with 0.1-mm diameter  thermocouples, 

one f o r  each of t h e  12 l e a f l e t s .  

It was placed i n  t h e  l abo ra to ry  on a ba lance  pe rmi t t i ng  weight 

l o s s  t o  0 . 1  g. Lead wires  were so ldered  t o  t he  thermocouples and 

supported by a  c ros sba r  i n  such a  manner a s  t o  add the  minimum drag  

t o  the  ba lance .  S ince  t h e  d i f f e r e n c e  i n  weight was d e s i r e d ,  r a t h e r  

than the  abso lu t e  weight, t he  problem was t o  main ta in  a  cons tan t  

d rag .  This method avoided the  u se  of s p e c i a l  connectors  For the  

t o t a l  of 15 p a i r s  of l ead  w i r e s ,  

I n  a d d i t i o n  t o  t he  12 wires  from the  l e a f l e t s ,  t h e r e  were leads  

from a thermocouple f o r  a i r  temperature  Located i n  the  thermohm 

housing, a s  wel l  a s  two thermocouples f o r  s o i l  temperature  i n  the 

po t ,  a t  3 cm and 13 cm below t h e  s u r f a c e .  

A l l  15 thermocouples were re fe renced  a g a i n s t  a  cold junc t ion ,  

and t h e  ou tput  read  on a mu l t i po in t  recorder  once per  hour i n  t h e  

e a r l y  p a r t  of t h e  experiment,  and every e i g h t  minutes from then on. 

I n  add i t i on ,  a  d u p l i c a t e  record  of l e a f  temperature  from one of t he  

l e a f l e t s  of l e a f  No. 4 was recorded cont inuous ly  on a  s e p a r a t e  r e -  

corder ,  t o  s e rve  a s  a  v i s u a l  guide t o  t h e  p l a n t ' s  response.  

"Standard" cond i t i ons  were employed: a i r  temperature  30 2 0 . 2  C 

i n  t h e  dark and - f 0.5 C i n  t h e  h igh  i r r ad i ance ,  vapor p re s su re  

15 .1  - f 0 .2  mb, carbon d ioxide  350 Jr 10 ppm, and i l luminance 55 4 1 . 0  

k i l o l u x  ( i r r a d i a n c e  0.55 2 0.01  l y  min-l, 1.5 m from t h e  bank of 48 

mercury vapor lamps). L ight  of 20 k i l o l u x  was used on t h e  a f te rnoon 

of precondi t ion ing ,  l a s t i n g  u n t i l  2000. Af t e r  an overn ight  per iod 

of darkness ,  LO lamps were turned on au toma t i ca l l y  a t  0600. From 

0930 on, a d d i t i o n a l  lamps were turned on manually, a  p a i r  every f i v e  

minutes,  with a  few gaps,  u n t i l  1120. Weighings were begun a t  1200. 

Saran shee t ing  and aluminum f o i l  covers  over t h e  s o i l  prevented 
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evapora t ion  and p a r t i a l l y  r e f l e c t e d  r a d i a t i o n .  The p l a n t  was l a r g e  

enough t o  a l low meaningful weight l o s se s  every h a l f  hour ;  t he se  were 

continued u n t i l  2000 t h a t  day, a long with tensiometer  readings t o  the  

n e a r e s t  mb. 

A t  0900 on t h e  experimental  day two b e t a  ray  gauges were placed 

on t h e  p l a n t ,  One was put  on l e a f  No. 4, t he  uppermost, t he  o the r  

gauge on t h e  lowest l e a f .  Each gauge was l oca t ed  about 5  cm back 

from t h e  t i p  of a  s i d e  l e a f l e t ,  s t r a d d l i n g  the  midrib.  A l t e rna t e  

gauges were counted every t h r e e  minutes f o r  p a r t  of every hour, and 

more o f t e n  a t  c r i t i c a l  t imes.  

Leaf r e s i s t a n c e  read ings  were s t a r t e d  a t  1200, and were made 

every h a l f  hour through 2000. A 1 1  l e a f l e t s  were measured except 

those wi th  a  b e t a  gauge. 

When t h e  t r a n s p i r a t i o n  r a t e  had decreased 50% due t o  s o i l  water 

dep l e t i on ,  t h e  t o t a l  t r a n s p i r a t i o n a l  l o s s  was r e s t o r e d  i n  a  Eive- 

minute per iod by a d d i t i o n  of warm, d i s t i l l e d  water .  Tensiometer 

readings were taken every f i v e  minutes f o r  a  h a l f  hour .  Weight l o s s  

readings were cont inued f o r  one hour ,  A t  t h i s  time t h e  l i g h t s  were 

turned o f f  f o r  an overn ight  record  t h a t  would te rmina te  t h e  exper i -  

ment. 

RESULTS : 

Transp i r a t i on .  The l i n e a r  weight l o s s  with time (Figure 3) 

i n d i c a t e s  t h a t  t r a n s p i r a t i o n  proceeded a t  t he  p o t e n t i a l  r a t e  f o r  many 

hours ,  d e s p i t e  a  g r adua l  i nc rease  i n  SWT, i l l u s t r a t e d  by the  lower 

curve.  Not u n t i l  1630 d i d  t h e  a c t u a l  t r a n s p i r a t i o n  r a t e  d e v i a t e  Irom 

t h e  p o t e n t i a l  r a t e ,  a s  i nd i ca t ed  by t h e  dashed l i n e .  Although the  
- 2  -1 

p o t e n t i a l  r a t e  was q u i t e  high,  450 g m h r  , t h e  2-1 pot  of s o i l  

contained over 200 g  of a v a i l a b l e  water between the  l i m i t s  of pot 

capac i ty  (SWT 45 mb) and the  po in t  a t  which the  d e c l i n e  s t a r t e d  

(SWT 180 mb; TSWS 1 . 0  b a r ) .  Therefore ,  t he  d e p l e t i o n  took cons ider -  

ab l e  t ime. By t h e  t ime of i r r i g a t i o n ,  t r a n s p i r a t i o n  had been de- 

pressed more than 50%, and SWT was 260 mb (TSWS 1.1 b a r s ) .  Af t e r  t h e  
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exac t  amount of water t r a n s p i r e d  was replaced,  a t  2010, SWT f e l l  back 

g radua l ly  t o  t he  va lue  c h a r a c t e r i s t i c  of pot c a p a c i t y ,  Since the  

s o i l  mixture  was q u i t e  permeable, i n f i l t r a t i o n  of water t o  t he  bottom 

of the  pot occurred wi th in  a  minute .  However, t he  tensiometer  r e -  

sponse was delayed, n o t  r e f l e c t i n g  i r r i g a t i o n  f o r  about 20 minutes .  

Leaf D i f fu s ion  Res is tance .  I n  Fi.gure 4 l e a f  d i f f u s i o n  r e s i s t -  

ance (\) i s  p l o t t e d  s e p a r a t e l y  f o r  t h e  upper and lower epidermes, 

t he  da ta  being t h e  harmonic mean of 12 l e a f l e t s ;  and fo r  t h e  whole 

l e a f ,  a s  t h e  harmonic mean of both epidermes. The t h r e e  curves  

show e s s e n t i a l l y  t h e  same p a t t e r n ,  i n  regard  t o  change with t ime;  f o r  

s e v e r a l  hours \ remained f a i r l y  s t eady ,  b u t  began t o  r i s e  near  1600, 

a f t e r  which time i t  rose  more s t e e p l y .  There i s  some evidence t h a t  

\ f o r  t h e  upper epidermis  began t o  i nc rease  even be fo re  1600, but  a  

r e f e r ence  l e v e l  i s  d i f f i c u l t  t o  e s t a b l i s h .  The g r e a t e r  R of the L 
upper epidermis undoubtedly was due t o  a  l e s s e r  s tomata1 Erequency, 

a  t y p i c a l  f i nd ing  wi th  bean l eaves .  

It  is  s i g n i f i c a n t  t h a t  R d id  no t  r e t u r n  t o  previous low va lues  L 
fol lowing an i r r i g a t i o n  which almost i n s t an t aneous ly  rep len ished  the  

s o i l  water t o  t h e  po t  capac i ty  l e v e l .  The mean RL a s soc i a t ed  with a  
- 1 

50% decrease  i n  t r a n s p i r a t i o n  was 7 s ec  cm , having r i s e n  from t h e  
- 1 

i n i t i a l  va lue  i n  wet s o i l  of 2 .4  s e c  cm . 
Leaf Temperature. F igure  5  demonstrates t h e  progress ive  r i s e  

i n  l ea f  temperature,  an average va lue  f o r  12 l e a f l e t s ,  a s  compared to  

the  s teady  mean a i r  temperature .  No d e f i n i t e  i n f l e c t i o n  po in t  

e x i s t s ,  wi th  t h e  p o s s i b l e  except ion of t h a t  a t  1630, which co inc ides  

with t h e  time a t  which t r a n s p i r a t i o n  began t o  d e c l i n e .  S o i l  water 

d e p l e t i o n  brought about a  4.5-degree r i s e  i n  the  mean l e a f  tempera- 

t u r e .  Although water  was added almost i n s t an t aneous ly  a t  i r r i g a t i o n ,  

l e a f  temperature d id  no t  d e c l i n e  r a p i d l y  from the  high va lue  i t  had 

a t t a i n e d .  On t h e  o t h e r  hand, t u rn ing  o f f  t h e  l i g h t s  brought an 

immediate decrease  i n  l e a 1  temperature  from 36.5 C t o  t h e  a i r  tempera- 

t u r e  va lue  of 30 C, due p r imar i l y  t o  the removal. of t h e  i nc iden t  
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r a d i a n t  energy. 

Leaf Areal  Densi ty .  The record obtained from a be t a  r ay  gauge 

(Figure 6)  extends over a  long time span. The a r e a l  d e n s i t y  repre-  

s e n t s  the l ea f  th ickness  per  u n i t  a r ea ,  expressed i n  equiva len t  

aluminum values .  Decreases i n  l ea f  a r e a l  d e n s i t y  presumably r e f l e c t  

decreases  i n  l e a f  water  con ten t ,  The graph i s  f o r  one l e a f l e t  of t h e  

lowermost of the  four  leaves on the  p l a n t .  Leaf water content  

diminished from the  very  beginning of the measurements, even though 

s o i l  water  then  was near  pot  capac i ty .  This  l o s s  probably was a  

response t o  r a d i a n t  energy, s i n c e  t h e  l i g h t s  were turned on i n  

sequence between 0930 and 1120. Therefore,  the  r a d i a n t  environment 

was becoming more in t ense  up t o  1130, a f t e r  which time i t  he ld  s teady  
- 1 

a t  0.55 l y  min . I n  comparison, l ea f  water conten t  of the  uppermost 

l ea f  decreased only  s l i g h t l y  i n  the  same per iod .  

Tn c o n t r a s t  t o  t he  r e s u l t s  with l e a f  temperature and l ea f  

r e s i s t a n c e ,  i r r i g a t i o n  produced an e f f e c t  on the  leaf  wi th in  f i v e  

minutes.  Leaf water con ten t  increased s i g n i f i c a n t l y ,  b u t  d id  not  

achieve the  va lue  of the  beginning of the  experiment u n t i l  t he  l i g h t s  

were turned o f f .  With t h e  l i g h t s  o f f ,  however, f u l l  rehydra t ion  

occurred i n  10 minutes.  

SUMMARY AND CONCLUSIONS: 

Previous r e sea rch  a t  t h i s  Laboratory had shown t h a t  r ap id  in-  

c r eases  i n  evapora t ive  demand could w i l t  p l a n t s  even i n  water 

c u l t u r e s ,  where water absorp t ion  r a t e s  a r e  h igh ly  favorable .  How- 

ever ,  t he  w i l t i n g  was only moderate and s h o r t - l i v e d .  To induce a  

l ea f  water d e f i c i t  comparable t o  t h a t  i n  t h e  f i e l d ,  emphasis was 

s h i f t e d  from shor t - te rm inc reases  i n  evaporat ive demand t o  a  r e s t r i c -  

t i n g  of water absorp t ion  by a  p l a n t  exposed t o  a constanr  evapora t ive  

demand. The o b j e c t i v e  was t o  s tudy the  mechanism of t r a n s p i r a t i o n  

con t ro l  i n  p l an t  spec i e s ,  with s p e c i a l  emphasis on measurements of  

changes i n  l e a f  r e s i s t a n c e ,  l ea f  temperature,  and l e a f  water conten t  

a s  t r a n s p i r a t i o n  became l imi t ed  by a progress ive ly  h igher  s o i l  w a t e r  
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t ens  ion.  

A s tandard technique was developed f o r  producing a  uniform sub- 

s t r a t e  t o  be  used i n  a l l  subsequent experiments.  The s u b s t r a t e  was 

a  mixture of s o i l ,  pea t  moss, and sand, packed t o  a  uniform bulk 

dens i ty  i n  2-1 pots ,  and e q u i l i b r a t e d  with a  s tandard  n u t r i e n t  so lu-  

t i o n  t o  g ive  a  predetermined low s a l t  concent ra t ion  i n  t he  s a t u r a t i o n  

e x t r a c t .  The method involved removal of t he  excess  s o l u t i o n  by 

vacuum f i l t r a t i o n  f o r  a  prescr ibed  i n t e r v a l ,  The s o i l  then was a t  

pot  capac i ty ,  a  very reproducib le  value,  and then could be p lan ted  

with seeds.  R e i r r i g a t i o n  was e i t h e r  by add i t i on  of the  depleted 

water back t o  t he  known pot  weight corresponding with pot  capac i ty ,  

o r  by a  r e p e t i t i o n  of t he  technique descr ibed above, whenever i t  was 

d e s i r a b l e  t o  add f e r t i l i t y  i n  t he  form of n u t r i e n t  s o l u t i o n .  The 

s o i l  water c h a r a c t e r i s t i c  curve was determined by use  of t he  pressure  

membrane and p re s su re  p l a t e .  Knowledge of the s a l i n i t y  l e v e l  of t h e  

s a t u r a t i o n  e x t r a c t  permit ted co r r ec t ions  t o  be made, such t h a t  the  

t o t a l  s o i l  water s t r e s s  could be ca l cu la t ed .  

The f i r s t  experiment was with the  bean p l a n t .  Brought from the  

greenhouse and then  precondit ioned i n  t he  con t ro l l ed  environment 

room, the  p l a n t  was subjec ted  t o  a  gradual  increase  i n  l i g h t  f o r  two 

hours .  Af te r  t h a t  t he  environment was held cons tan t  a t  30 C, 

15 .1  mb vapor pressure ,  350 ppm C02, cons tan t  a i r  movement, and a  
- 1 

f i n a l  i r r a d i a n c e  of 0.55 l y  min . The s o i l  had been watered t o  pot  

capac i ty  t h e  previous evening. Gradual s o i l  water  dep le t ion  by 

t r a n s p i r a t i o n  then was allowed t o  cont inue u n t i l  t he  t r a n s p i r a t i o n  

r a t e  reached a  va lue  only one-half t he  i n i t i a l  r a t e .  Then the p l an t  

was i r r i g a t e d .  About an hour l a t e r  t he  l i g h t s  were turned o f f .  

T ransp i r a t ion  continued a t  the  p o t e n t i a l  r a t e  f o r  many hours ,  

n o t  beginning t o  decrease  u n t i l  1630, a t  which time the  s o i l  water 

tens ion  (SWT) was 180 mb ( t o t a l  s o i l  water s t r e s s ,  TSWS, 1 .0  b a r ) .  

I t  i s  s i g n i i i c a n t  t h a t  t he  l ea f  d i f f u s i o n  r e s i s t a n c e  ( %), which 

had been holding s teady,  f i r s t  began t o  r i s e  a t  1600, be fo re  the  
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t r a n s p i r a t i o n  d e c l i n e .  A s teady  r i s e  i n  % beyond 1600 coincided 

with the  progress ive  d e c l i n e  i n  t r a n s p i r a t i o n .  When the  t r a n s p i r a -  

t i o n  was depressed 50% below the  p o t e n t i a l  r a t e ,  SWT was 260 mb 
- 1 

(TSWS 1.1 b a r s ) .  A t  t h i s  time the  mean % was up t o  7 sec  cm , 
- 1 

having r i s e n  from the  i n i t i a l  va lue  of 2  s ec  cm . 
Leaf temperature (T ) s t e a d i l y  ro se  from the  i n i t i a l  va lue  of L 

2  degrees C above a i r  temperature t o  t he  4.5 degree excess  a t  i r r i g a -  

t i o n .  Therefore,  T  a n t i c i p a t e d  RL a s  an i n d i c a t o r  of imminent L 
r e s t r i c t i o n  i n  t he  r a t e  of t r a n s p i r a t i o n .  That leaf  water content  

s t e a d i l y  diminished i s  an  i n d i c a t i o n  of an excess t r a n s p i r a t i o n  over 

water absorp t ion  by t h e  lower l ea f  (Figure 6 ) ,  a  condi t ion  t h a t  

u l t i m a t e l y  would b r i n g  about stornatal c lo su re  (higher  %) and the 

r i s e  i n  T a l ready  d iscussed .  However, t h e  upper l ea f  did not  r e a c t  L 
so  d r a s t i c a l l y  a s  t he  lower. This  r e s u l t  po in t s  t o  a  need f o r  

measurement of l ea f  water p o t e n t i a l  r a t h e r  than l ea f  water content  

i n  o rde r  t o  i n t e r p r e t  t hese  d a t a .  

I n  conclusion, t he  da t a  obtained up t o  t he  present  support  t h e  

hypothesis  t h a t  t r a n s p i r a t i o n  f a l l s  below the  p o t e n t i a l  r a t e  only 

when s i g n i f i c a n t  s tomata l  c l o s u r e  occurs  (when % i n c r e a s e s ) .  An i n -  

t r i gu ing ,  b u t  unanswered ques t ion ,  i s  whether t h e  s l i g h t ,  bu t  s teady  

inc rease  i n  T t h a t  occurred before  the  dec l ine  i n  t r a n s p i r a t i o n  i s  L 
the  r e s u l t  of a  s l i g h t  s tomata l  c lo su re  undetec tab le  e i t h e r  by 

weighing o r  measurements of RL, o r  t h e  r e s u l t  of changes i n  l ea f  

emis s  i v i t y  . 
PERSONNEL: William L .  Ehr l e r  
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F i g u r e  1. A i r  t e m p e r a t u r e  and vapor  p r e s s u r e  a t  1 m above t h e  c r o p ,  and l e a f  t e m p e r a t u r e s  o f  c o t t o n  
(Pima and D e l t a p i n e )  i n  t h e  f i e l d  s h o r t l y  b e f o r e  and a f c e r  i r r i g a t i o n .  
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F i g u r e  2 .  The t r a n s p i r a t i o n  r a t e  o f  a l a r g e  agave  p l a n t  i n  a  c o n t r o l l e d  e n v i r o n m e n t  
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F i g u r e  3 .  T r a n s p i r a t i o n  (weight  l o s s )  of B o u n t i f u l  bean and s o i l  r a t e r  t e n s i o n  i n  response  t o  soil 
w a t e r  d e p l e t i o n  and r e p l e n i s h m e n t .  Annual Report of the U.S. Water Conservation Laboratory
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F i g u r e  4 .  Leaf r e s i s t a n c e  (harmonic mean of  12 bean l e a f l e t s )  of  t h e  upper  and lower epidermes and 
o f  t h e  whole l e a f  i n  r e sponse  t o  s o i l  wa te r  d e p l e t i o n  and r e p l e n i s h m e n t .  Annual Report of the U.S. Water Conservation Laboratory
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F i g u r e  5 .  A i r  t e m p e r a t u r e  i n  a  c o n t r o l l e d  environment and l e a f  t empera tu re  (mean of 12  bean l e a f l e t s )  
w h i l e  s o i l  w a t e r  was b e i n g  d e p l e t e d  and suddenly  r e p l e n i s h e d .  Annual Report of the U.S. Water Conservation Laboratory



Figure  6 .  Area l  d e n s i t y  of t h e  lowest  of f o u r  t r i f o l i a t e  bean l e a v e s ,  i n  response  t o  i n c r e a s e d  
r a d i a t i o n  (from 0930-1130), a  p r o g r e s s i v e  d e p l e t i o n  O F  s o i l  wa te r ,  i r r i g a t i o n , a n d  darkness  Annual Report of the U.S. Water Conservation Laboratory



TITLE : PLANT PROCESSES AS FUNCTIONS OF THE TOTAL ENVIRONmNT 

LINE PROJECT: SWC W9 gG-6 CODE N O . :  Ariz.-WCL-29A 

INTRODUCTION: 

A p l a n t  i s  no t  an i s o l a t e d  e n t i t y ,  bu t  a  responsive p a r t  of the 

dynamic plant-environment system. As such, p l a n t  processes  a r e  t he  

in t eg ra t ed  express ions  of many i n t e r a c t i n g  environmental parameters .  

Research conducted a t  t h e  l abo ra to ry  t h i s  year  has emphasized t h i s  

f a c t  with t h e  development of a  method f o r  c a l c u l a t i n g  n e t  crop photo- 

syn thes i s ,  t r a n s p i r a t i o n ,  and s e n s i b l e  hea t  exchange a s  func t ions  of 

t he  combined e f f e c t s  of a l l  of t he  major microc l imat ic  v a r i a b l e s .  I n  

t h i s  method the  ind iv idua l  leaf  i s  t he  f o c a l  po in t  of a t t e n t i o n ;  and 

r e s u l t s  obtained f o r  a l l  of the  d i f f e r e n t l y  o r i en t ed  and d i s t r i b u t e d  

leaves of a canopy a r e  i n t eg ra t ed  by means of a computer t o  g ive  

r e s u l t s  f o r  e n t i r e  c rops .  

PROCEDURE : 

Since n e t  photosynthes is  i s  i n  essence a  photochemical r e a c t i o n  

whereby carbon d iox ide  and water ,  i n  t he  presence of v i s i b l e  r a d i a t i o n  

and i n  a s s o c i a t i o n  wi th  ch lorophyl l  i n  green p l a n t s ,  a r e  combined t o  

form organic compounds, t h i s  p l a n t  process  must be d i r e c t l y  governed 

by the  supply of r e a c t a n t s  (C02 and water) ,  t he  amount and type of 

i nc iden t  short-wave r a d i a t i o n ,  and the  temperature of t he  r e a c t i o n  

s i t e .  A l l  o t h e r  c l i m a t i c  parameters must e x e r t  t h e i r  e f f e c t s  upon 

t h i s  process  by in f luenc ing  one o r  more of these  fou r  b a s i c  f a c t o r s .  

This concept i s  g raph ica l ly  portrayed by t h e  h i e ra rchy  of 
environmental parameters presented i n  Figure 1. I n  t h e  c e n t e r  of 

t h i s  f i g u r e  a r e  represented  the  photosynthet ic  and r e s p i r a t o r y  proc- 

e s se s  of t h e  p l a n t ;  and poin t ing  t o  these processes  a r e  arrows from 

the  four  b a s i c  f a c t o r s .  As i s  i nd ica t ed  by the  arrows, t he  e f f e c t s  

of t hese  four  f a c t o r s  upon n e t  photosynthesis  must be obtained ex- 

per imenta l ly ;  and they a r e  thus known i n  the  form of c o r r e l a t i o n s  and 

no t  mathematical express ions .  The one arrow leaving the  photo- 

s y n t h e t i c  and r e s p i r a t o r y  processes  and r e tu rn ing  t o  the  b a s i c  f a c t o r ,  
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CO concent ra t ion ,  r e p r e s e n t s  an e f f e c t  of the  p l a n t  upon t h i s  f a c t o r .  
2 

I n  p a r t i c u l a r ,  i t  i s  t h e  lowering of t h e  carbon d iox ide  concent ra t ion  

of t h e  canopy l e v e l  a i r  a s  t he  p l a n t  u t i l i z e s  C O  i n  photosynthes i s .  
2 

Besides t h e  b a s i c  f a c t o r s ,  t h e r e  a r e  a l s o  t h r e e  o t h e r  gene ra l  

types of parameters ev ident  i n  Figure I .  F i r s t  of a l l ,  t h e r e  i s  the 

component primary f a c t o r .  This  i s  a  f a c t o r ,  such a s  incoming d i r e c t  

short-wave r a d i a t i o n ,  which i s  a c t u a l l y  a  p a r t  o r  f r a c t i o n  of one of 

t h e  four  b a s i c  f a c t o r s ,  i n  t h i s  ins tance ,  l i g h t  i n t e n s i t y .  Other 

f a c t o r s  of t h i s  type  represen ted  i n  Figure 1 a r e  t he  remainder of t h e  

short-wave r a d i a n t  energy f l uxes  and the  t h r e e  components of t he  l ea f  

water a v a i l a b i l i t y  f a c t o r .  Secondly, t h e r e  i s  t h e  secondary f a c t o r .  

This  f a c t o r  i s  no t  a  component of one of t he  b a s i c  f a c t o r s ,  but  

i n s t e a d  p lays  a  d i r e c t  r o l e  i n  determining the  va lue  of one o r  more 

of them. The b a s i c  f a c t o r  most involved i n  t h i s  r e l a t i o n s h i p  i s  l ea f  

temperature,  t o  which f i v e  arrows from secondary f a c t o r s  a r e  seen t o  

converge. Las t l y ,  t h e r e  i s  t he  t e r t i a r y  f a c t o r ,  which opera tes  upon 

the  secondary f a c t o r s  i n  an analogous manner t o  t h e i r  opera t ion  upon 

the  four  b a s i c  f a c t o r s .  The l e t t e r s  A ,  B ,  C,  and D of Figure I. r ep-  

r e s e n t  some of t h i s  group. I n  pa r t i cu l . a r ,  

A = l a t i t u d e ,  s l ope  and a spec t  of ground, cloud cover,  dus t  and 

atmospheric p o l l u t a n t s ,  r e f l e c t a n c e  oE ground and near-by 

o b j e c t s ;  

B = cloud cover,  temperature  of ground and near-by o b j e c t s ,  

water yapor,  and low l e v e l  atmospheric ozone; 

C = p r e c i p i t a t i o n ,  he igh t  of water t a b l e ,  s o i l  moisture  con ten t ,  

and thus s o i l  phys i ca l  p r o p e r t i e s  such a s  s t r u c t u r e ,  

t ex tu re ,  e t c .  ; 

D = s o i l  chemical p r o p e r t i e s :  c l ay  minera l s ,  base  exchange 

p r o p e r t i e s ,  pH, anions,  o rganic  compounds, e t c .  

Besides  b r ing ing  some o rde r  Lo the  r e l a t i o n s h i p s  among the  

va r ious  environmental parameters and the  ways by which they i ~ l f l u e n c c  

n e t  photosynthes i s ,  F igure  1 performs two o t h e r  u t i l i t a r i a n  func t ions  
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too.  It i n d i c a t e s  by word the  a c t u a l  phys ica l  processes  by which 

some of t hese  r e l a t i o n s h i p s  a r e  sus t a ined ,  and i t  no te s  by number the 

places i n  t h e  plant-environment system where p r o p e r t i e s  oE the  p l an t  

a c t  a s  coupling devices  between the  environment and the p l a n t ,  The 

i d e n t i f i c a t i o n  of t h e s e  p r o p e r t i e s  i s  given below: 

1 = absorptance,  r e f l e c t a n c e ,  and t ransmi t tance  of p l an t  leaves 

t o  d i r e c t  and d i f f u s e  s o l a r  r a d i a t i o n ,  l ea f  d i s t r i b u t i o n  (of 

i n c l i n a t i o n s )  func t ion ,  l ea f  a r ea  index, canopy dens i ty ,  

p l a n t  he igh t ,  and percent  cover of ground; 

2 5 same a s  I ;  

3 = same a s  1, b u t  p l a n t  s p e c t r a l  p r o p e r t i e s  he re  have re ference  

t o  long-wave r a d i a t i o n ;  

4 = l e a f  convection c o e f f i c i e n t :  thus,  l ea f  s i z e ,  l ea f  shape, 

l e a f  h a i r s ,  e t c . ;  a l s o ,  crop d e n s i t y  ( a f f e c t s  wind speed) ;  

5 = same a s  4 ;  

6  = t o t a l  l ea f  d i f f u s i o n  r e s i s t a n c e  t o  t r a n s p i r a t i o n :  thus,  

d i f f u s i o n  r e s i s t a n c e s  of c u t i c l e ,  stomata,  substornatal 

cav i ty ,  and c e l l  w a l l ;  

7 = same a s  6 ;  

8 = r e s i s t a n c e s  of var ious  p l a n t  p a r t s  ( su r f aces  of r o o t  hai.rs,  

cor tex ,  endodermis, v e s s e l s  and t r ache ids  i n  xylem, l ea f  

ve ins )  t o  water flow; 

9 = permeabi l i ty  of d i f f e r e n t  p l an t  c e l l  membranes; 

10 = p l a n t  h e i g h t ;  

11 = c o r r e l a t i o n s  between the  four  bas i c  f a c t o r s  and the  photo- 

s y n t h e t i c  and r e s p i r a t o r y  processes .  

Within the  framework e s t ab l i shed  by Figure 1 ,  t h e  ob jec t ive  of 

t he  method is t o  s p e c i f y  a  s u f f i c i e n t  number of environmental param- 

e t e r s  a t  one of t h e  in te rmedia te  h i e r a r c h i a l  l e v e l s  t o  allow the 

c a l c u l a t i o n  of  simultaneous values of a l l  four of the b a s i c  f a c t o r s  

f o r  a l l  of t h e  d i f f e r e n t l y  o r i en t ed  and d i s t r i b u t e d  leaves of a  p l a n t  

canopy. Knowledge of t h e  va lues  assumed by t hese  f a c t o r s  then 
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de te rmines  t h e  n e t  p h o t o s y n t h e t i c  r a t e s  of t h e  i n d i v i d u a l  l eaves  o r  

l e a f  s e c t i o n s  and t h u s  t h a t  of t h e  canopy a s  a  whole. 

The methods of c a l c u l a t i o n  and t h e  c h a r a c t e r i s t i c s  of t h e  i n p u t  

d a t a  r e q u i r e d  a r e  a l l  d e s c r i b e d  i n  g r e a t  d e t a i l  i n  r e f e r e n c e  ( 1 ) .  

Also inc luded  i n  t h a t  r e f e r e n c e  a r e  a11  o f  t h e  computer programs u t i -  

l i z e d  i n  t h e  method, complete w i t h  format  s t a t e m e n t s  f o r  some s p e c i f i c  

s i t u a t i o n s .  I n  s h o r t ,  i t  c o n t a i n s  a l l  o f  t h e  i n f o r m a t i o n  needed f o r  

anyone t o  d u p l i c a t e  t h e  c a l c u l a t i o n s  f o r  any s i t u a t i o n  he may be  

i n t e r e s t e d  i n .  

RESULTS AND DISCUSSION: 

T e s t s  o f  t h e  method have been conducted a t  v a r i o u s  l e v e l s  o f  

v e r i f i c a t i o n .  Ln r e f e r e n c e  ( 1 ) )  f o r  i n s t a n c e ,  t h e  c a l c u l a t i o n s  

a r e  c a r r i e d  through t o  t h e i r  complet ion f o r  a  corn  c r o p  growing a t  

I t h a c a ,  New York, a s  d e s c r i b e d  by D r .  E .  R .  Lemon and h i s  coworkers 

i.n s e v e r a l  of t h e i r  p u b l i c a t i o n s .  The r e s u l t s  of t h e s e  c a l c u l n t i o n s  

a r e  shown i n  F i g u r e  2 f o r  f i v e  d i f f e r e n t  v a l u e s  oE s o i l  m o i s t u r e  

t e n s i o n  i n  t h e  r o o t  zone.  Superimposed upon them i s  t h e  aerodynnm- 

i c a l l y  d e r i v e d  v a l u e  obtai.ned by Wright and Lemon (7 ) ,  reduced b y  a 

f a c t o r  of 3 .  Although t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  

a b s o l u t e  magnitudes of t h e  r e s u l t s  of t h e  two methods, b o t h  g i v e  

s i m i l a r  r e l a t i v e  v a r i a t i o n s .  T h e o r e t i c a l  c o n s i d e r a t i o n s  mentioned i n  

(1)  i n d i c a t e  t h a t  t h e  aerodynamic t echn ique  may have a  l a r g e  a b s o l u t e  

magnitude e r r o r  a s s o c i a t e d  w i t h  i t  and may overemphasize t h e  degree  

o f  r e l a t i v e  v a r i a t i o n s .  The method h e r e  d e s c r i b e d  i s  f u r t h e r  thought  

t o  b e  t h e  more a c c u r a t e ,  due t o  t h e  f a c t  t h a t  t h e  v a l u e s  of GO con- 

c e n t r a t i o n  a t  t h e  e f f e c t i v e  canopy exchange s u r f a c e  ca lcu laLed  a s  a  

by-product  o f  t h e  method f o r  t h e  c a s e  of 0.7 atm t o t a l  s o i l  m o i s t u r e  

t e n s i o n  (TSMT) a g r e e  s o  w e l l  wi th  t h e  v a l u e s  of C O  c o n c e n t r a t i o n  
2 

measured a t  t h i s  h e i g h t  by Wright and Lemon ( 7 ) .  

Due t o  t h e  d i f f i c u l t i e s  involved i n  making non-environment-nl 

d i s r u p t i n g  measurements of net- phot o s y n t h c s i s  u, most t e s t s  u l  

t h e  method have been c a r r i e d  o u t  on the  l e v e l  of t h e  f o u r  b a s i c  
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f a c t o r s .  I n  p a r t i c u l a r ,  l e a f  t empera tu re  c a l c u l a t i o n s  a r e  t h e  most 

complicated ( n e x t  t o  t h e  C02 c o n c e n t r a t i o n  c a l c u l a t i o n s ) ,  and thus  

t h e  e s t a b l i s h m e n t  of t h e i r  v a l i d i t y  i s  viewed a s  i n s u r i n g  t h e  val ic l -  

i c y  o f  t h e  n e t  p h o t o s y n t h e s i s  c a l c u l a t i o n s .  S e v e r a l  of t h e s e  

t empera tu re  c a l c u l a t i o n s  have been c a r r i e d  o u t ,  and t h e y  a r e  r e p o r t e d  

on i n  r e f e r e n c e s  (4, 5 ,  6 ) .  I n  a l l  i n s t a n c e s  t h e  r e s u l t s  must b e  

cons idered  v e r y  f a v o r a b l e .  

SUMMARY AND CONCLUSIONS: 

A method f o r  c a l c u l a t i n g  n e t  c r o p  p h o t o s y n t h e s i s ,  t r a n s p i r a t i o n ,  

and s e n s i b l e  h e a t  exchange h a s  been developed which t a k e s  i n t o  con- 

s i d e r a t i o n  t h e  d i r e c t  e f f e c t s  and i n t e r a c t i o n s  o f  a l l  o f  t h e  major 

c l i m a t i c  v a r i a b l e s .  I n  t h i s  method t h e  i n d i v i d u a l  l e a f  is  t h e  b a s i c  

u n i t  o f  concern,  and r e s u l t s  f o r  a l l  o f  t h e  d i f f e r e n t l y  o r t e n t e d  and 

d i s t r i b u t e d  l e a v e s  o f  a p l a n t  canopy a r e  i n t e g r a t e d  by a  computer t o  

g i v e  r e s u l t s  f o r  e n t i r e  c r o p s .  I n i t i a l  t e s t s  o f  t h e  method on 

s e v e r a l  l e v e l s  o f  v e r i f i c a t i o n  have been v e r y  encourag ing ,  More 

r i g o r o u s  t e s t s  w i l l  b e  conducted i n  t h e  n e a r  Euture ,  upon complet ion 

of t h e  c o n s t r u c t i o n  of s u i t a b l e  chambers f o r  p r e c i s e  n e t  photo- 

s y n t h e s i s  measurements. 
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L I G H T  
INTENSITY 

I I 

Figure 1. Diagramatic representation of the interrelationships 

among various environmental parameters and the channeling 

of their effects into the net photosynthetic process 

through the four basic factors; light intensity, leaf 

temperature, leaf water availability, and carbon dioxide 

concentration. 
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SOLAR TIME 

Figure  2. Ca lcu la ted  mean n e t  photosynthe t ic  r a t e s  of an e n t i r e  corn  

canopy under va r ious  condi t ions  of s o i l  moisture  s t r e s s .  

The do t t ed  l i n e  i s  t he  aerodynamic r e s u l t  of Wright and 

Lemon (7)  reduced by a f a c t o r  of 3 .  
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TITLE : RELATIONS OF ENEKGY BALANCE COMPONENTS 0Vii:ii NATUIZAL 

SURFACES 

LINE PROJECT: SWC W9 gG-6 CODE N O .  : Ariz.  -WCI,-29R 

INTRODUCTION: 

Two parameters d e s c r i p t i v e  of the  energy ba lance  of n a t u r a l  

su r f aces  which have rece ived  s p e c i a l  a t t e n t i o n  t h i s  year  a r e  the  

s lope  of the l i n e a r  r eg re s s ion  of s o l a r  on n e t  r a d i a t i o n  and the  

"heat ing c o e f f i c i e n t "  of Monteith and Szeicz ( 6 ) ,  which r e l a t e s  t he  

change i n  t h e  n e t  long-wave r a d i a n t  h e a t  l o s s  of a su r f ace  t o  the  n e t  

r a d i a t i o n  income. Some con t rove r s i e s  i n  t he  l i t e r a t u r e  over the  

values of t he  f i r s t  of t hese  parameters i n  d i f F e r e n t  a r eas  have been 

s e t t l e d  by a  t h e o r e t i c a l  a n a l y s i s  which renders  t he  apparent ly  con t r a -  

d i c t o r y  experimental  r e p o r t s  c o n s i s t e n t .  Analyses of the  second 

parameter have shown i t  t o  be a  good su r f ace  proper ty  only i n  a r e a s  

where the  d i u r n a l  v a r i a t i o n s  of the  major c l i m a t i c  v a r i a b l e s  a r e  

r a t h e r  uniform from day t o  day. 

PROCEDURE : 

Regression Slopes.  J .  A .  nav ies  (2) r ecen t ly  presented a p lo t  

of t o t a l  daytime n e t  r a d i a t i o n  (s) aga ins t  t o t a l  s o l a r  r a d i a t i o n  

(S f s ) ,  received by personal  communication from D r .  L .  J .  Fr i t schen  

( then a  member of t h i s  labora tory  s t a f f ) ,  which he s a i d  was i n  agree-  

ment with the  r eg re s s ion  equat ion 

- 2 - 1 % = 0.617 (S 4- s )  - 24, c a l  cm day 

t o  which he f i t t e d  da t a  from 14 s t a t i o n s  throughout t he  world with a  

c o r r e l a t i o n  c o e f f i c i e n t  of r = 0.99 .  Shor t ly  t h e r e a f t e r ,  however, 

F r i t s chen  (3) re fused  t o  use t h i s  regress ion  equat ion f o r  c a l c u l a -  

t i ons  of t o t a l  d a i l y  n e t  r a d i a t i o n ,  s ince  he f e l t  the  lack of da t a  

near  the  o r i g i n  did not  y i e l d  r e a l i s t i c  i n t e r c e p t s .  He ins tead  

determined the  average r a t e  of shorl-wave r a d i a t i o n  recept ion  Lor t h e  

day, used t h i s  va lue  t o  determine an average n e t  r a d i a t i o n  r a t e  from 

Annual Report of the U.S. Water Conservation Laboratory



pooled hourly r eg re s s ions  of n e t  on s o l a r  r a d i a t i o n ,  and mul t ip l i ed  

t h i s  average r a t e  by the  du ra t ion  of day l igh t  t o  g e t  t he  t o t a l  n e t  

r a d i a t i o n  f o r  t he  day. 

The d i f f e r e n c e  between these  two approaches of ob ta in ing  RN from 

S 4- s  i s  q u i t e  s i g n i f i c a n t ,  f o r  the s lopes  f o r  t he  pooled hourly r e -  

g re s s ions  a r e  cons iderably  g r e a t e r  than t h a t  obtained from the same 

d a t a  analyzed i n  the form of d a i l y  t o t a l s  on ly ,  We can t h e o r e t i -  

c a l l y  prove t h a t  t he  two s lopes  should be the  same, however, and ex- 

per imenta l ly  show t h a t  t he  method used by F r i t s chen  i s  by f a r  t h e  

supe r io r  of the  two. 

The average d a i l y  r a t e  of short-wave r a d i a t i o n  r ecep t ion  may be 

expressed by the  equat ion  

1' 

0 

where T = daylength,  t = t ime, S ( t )  = ins tan taneous  r a t e  of i n so la -  

t ion ,  and s ( t )  = ins tan taneous  r a t e  of d i f f u s e  s k y l i g h t  rccepti .on. 

From a r eg re s s ion  of hourly t o t a l s  of n e t  on s o l a r  r a d i a t i o n ,  we then 

determine the  average d a i l y  r a t e  of n e t  r a d i a t i o n  r ecep t ion  to  be 

* 
Since the  t o t a l  d a i l y  n e t  r a d i a t i o n  received must be 

we thus have, s u b s t i t u t i n g  equat ion (3 )  i n t o  (4) 

However, f u r t h e r  s u b s t i t u t i o n  of equntion ( 2 )  i n t o  (5) g ives  the  

r e s u l t  
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T 

% T 
= a  S [ ~ ( t )  + s ( t ) l  d t  + b~ ( 6 )  

0 

and we s e e  t h a t  t he  s l o p e  of t he  r eg re s s ion  l i n e  r e l a t i n g  t o t a l  n e t  

t o  t o t a l  short-wave r a d i a t i o n  r ecep t ion  should be the same a s  t h a t  

r e l a t i n g  hourly va lues  of t hese  two q u a n t i t i e s .  From a  comparison of 

F r i t s c h e n ' s  and Davies '  r e s u l t s  (Table 1 and equat ion ( 1 ) )  r e spec t ive -  

l y ) ,  t h i s  i s  c l e a r l y  no t  t h e  case .  Experimental da t a  suppl ied  by 

D r .  C .  H.  M. van Bavel (personal  communication) al low us t o  determine 

which of t h e  two a r e  i n  e r r o r .  

RESULTS AND DISCUSSION: 

Regression Slopes.  Figure 1 shows Van Bave l ' s  p l o t  of d a i l y  

t o t a l s  of n e t  r a d i a t i o n  vs .  s o l a r  r a d i a t i o n  a s  obta ined  i n  two widely 

separa ted  a reas ,  one of which inc ludes  some of t he  same da t a  used by 

both Davies and F r i t s c h e n .  Here Van Bavel has a  good d i s t r i b u t i o n  of 

d a t a  po in t s  near  t h e  o r ig in ,  however, s a t i s f y i n g  the  requirement t h a t  

F r i t s chen  f e l t  was lacking  i n  h i s  d a t a .  

Van Bavel c a r r i e d  out  t h r e e  l i n e a r  r eg re s s ions  on these  da t a :  

one f o r  F r i t s c h e n ' s  da t a  alone,  one f o r  h i s  da t a  a lone ,  and one For 

t h e i r  combined d a t a .  The r e s u l t i n g  s lopes  were, r e s p e c t i v e l y ,  0.616, 

0.805, and 0.803. Extremely s t r i k i n g  i s  the  very c l o s e  agreement 

between the  s lope  f o r  Van Bave l ' s  da t a  alone and h i s  and F r i t s c h e n ' s  

d a t a  combined, and the  g r e a t  discrepancy between them and t h e  s lope  

f o r  F r i t s c h e n ' s  d a t a  a lone .  Inc lus ion  of F r i t s c h e n ' s  d a t a  with those  

of Van Bavel, which appear s e p a r a t e l y  t o  desc r ibe  two s i g n i f i c a n t l y  

d i f f e r e n t  r e l a t i o n s h i p s ,  has next  t o  no e f f e c t  upon the  regress ion  

descr ib ing  Van Bave l ' s  da t a  alone,  f o r  which t h e r e  i s  a  good d i s t r i -  

bu t ion  of d a t a  p o i n t s  about t h e  o r i g i n .  This  c l e a r l y  i n d i c a t e s  t h a t  

t h e  da t a  of F r i t s chen  can be  a s  e a s i l y  f i t t e d  t o  a  l i n e  of s lope  = 

0.803 a s  they can t o  a  l i n e  of s lope  = 0.616 i f  s u f f i c i e n t  d a t a  

poin ts  near  t h e  o r i g i n  a r e  considered . 
It i s  e a s i l y  seen why d iscrepancies  i n  s lopes  a r i s e  between thesc  

two methods of r eg re s s ion  a n a l y s i s .  I n  t he  e a r l y  morning and l a t e  
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afternoon,  n e t  r a d i a t i o n  i s  u sua l ly  s l i g h t l y  nega t ive .  The amount of 

nega t ive  n e t  r a d i a t i o n  thus  accumulated i s  f a i r l y  cons tan t  and inde-  

pendent of daylength.  Thus, f o r  long days i t s  e f f e c t s  a r e  minimized, 

a s  i t  accounts f o r  a  r e l a t i v e l y  smal le r  propor t ion  of the  t o t a l  n e t  

r a d i a t i o n ,  For s h o r t  days, however, i t  becomes more s i g n i f i c a n t  and 

w i l l  cause the  t o t a l  n e t  r a d i a t i o n  f o r  t h e  day t o  be l e s s  than what 

would be predic ted  from the  da t a  of longer  days. Thus, t he  inc lus ion  

of d a t a  po in t s  near  t he  o r i g i n  w i l l  tend t o  i nc rease  the  s lope  of the  

regress ion  of n e t  on s o l a r  r a d i a t i o n .  I f  t he  d a i l y  t o t a l s  a r e  such 

t h a t  they do no t  a l low t h i s ,  hour ly  p l o t s  a r e  needed t o  present  t h e  

t r u e  p i c tu re ,  a s  they w i l l  u sua l ly  have a  f a i r l y  uniform d i s t r i b u t i o n  

of d a t a  po in t s  over t h e  e n t i r e  range of s o l a r  r a d i a t i o n  i n t e n s i t i e s .  

PROCEDURE: 

Heating C o e f f i c i e n t .  I n  1961, Monteith and Szeicz (6)  developed 

a  new expression f o r  t he  n e t  r a d i a t i o n  i n  terms of s o l a r  r a d i a t i o n :  

where ix = albedo, Lo = RA - R when S  f s  = o, and where 6 was a  new 
G 

parameter, c a l l e d  by them the  "heat ing c o e f f i c i e n t "  and defined a s  

one minus t h e  s lope  of t h e  r eg re s s ion  of n e t  on net s o l a r  r a d i a t i o n  

d iv ided  by t h i s  s lope .  Thei r  reason f o r  c a l l i n g  t h i s  parameter t h e  

"hea t ing  c o e f f i c i e n t "  was t h a t  t h e i r  d e r i v a t i o n  showed i t  t o  be r e -  

l a t e d  t o  t he  inc rease  i n  n e t  long-wave r a d i a n t  h e a t  l o s s  of a  su r f ace  

(RG - R ) per  u n i t  i nc rease  i n  n e t  r a d i a t i o n .  For a  cons t an t  atmos- A 
pher ic  long-wave r a d i a t i o n  emission, t h i s  reasoning i s  v a l i d ;  i f  t he  

atmospheric r a d i a t i o n  i s  v a r i a b l e ,  however, l i t t l e  phys i ca l  s i g n i f i -  

cance can be a s soc i a t ed  wi th  the  parameter.  Thus, former experiments 

were checked and new experiments were c a r r i e d  out  t o  determine the  

v a l i d i t y  of t he  h e a t i n g  c o e f f i c i e n t  concept.  

RESULTS AND DISCUSSION: 

Heating C o e f f i c i e n t .  I n  a  cooperat ive s tudy with the  Minnesota 
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Agr icu l tu ra l  Experiment S t a t i o n  c a r r i e d  out  a t  S t .  Paul ,  Minnesota, 

Idso,  Baker, and Blad (5) found the  long-wave r a d i a t i o n  from the  sky 

t o  be h ighly  v a r i a b l e  and unpredic tab le ,  rendering the  hea t ing  co- 

e f f i c i e n t  uns t ab le  and of almost no meaning whatever. Ce r t a in  r e l a -  

t i o n s  between the  hea t ing  c o e f f i c i e n t  and the  form of the  d a i l y  cyc l e  

of n e t  r a d i a t i o n  t raced  a s  a  func t ion  of n e t  short-wave r a d i a t i o n  

were apparent ,  b u t  t hese  were more c l o s e l y  r e l a t e d  t o  changes i n  

atmospheric r a d i a t i o n  (R ) than they were t o  ground r a d i a t i o n  (R ) .  A G 
Review of p a s t  experiments c a r r i e d  out  a t  t he  labora tory  i n  

Phoenix, Arizona, however, showed q u i t e  oppos i te  r e s u l t s .  The 

d i u r n a l  v a r i a t i o n s  i n  long-wave atmospheric r a d i a t i o n  were r a t h e r  

uniform from day t o  day over long periods of time; and t h i s  allowed 

the  hea t ing  c o e f f i c i e n t  t o  be  r a t h e r  we l l  c o r r e l a t e d  with su r f ace  

c h a r a c t e r i s t i c  a l t e r a t i o n s .  Figure 2, f o r  i n s t ance  shows the  response 

of t he  hea t ing  c o e f f i c i e n t  of a  f i e l d  of sudangrass t o  i r r i g a t i o n  a t  

d i f f e r e n t  s t ages  of c rop  development, and p a r t  of Figure 3 shows t h e  

e f f e c t s  of d i f f e r e n t i a l  h e i g h t s  of a l f a l f a  on i t s  hea t ing  c o e f f i c i e n t .  

I r r i g a t i o n  caused the  hea t ing  c o e f f i c i e n t  t o  d e c l i n e  g r e a t l y  dur ing  

the  e a r l y  period of crop development, b u t  caused i t  t o  r i s e  s l i g h t l y  

f o r  t a l l  complete-cover crops l a t e r  i n  t he  season. Also, t he  hea t ing  

c o e f f i c i e n t  was u s u a l l y  smal le r  f o r  t he  t a l l e r  of two crops growing 

under the  same p reva i l i ng  weather condi t ions .  A l l  of these  e f f e c t s  

were e a s i l y  explained i n  terms of the  energy balances a t  the su r f aces  

involved (4) .  I n  s p i t e  of t he  demonstration t h a t  the  hea t ing  co- 

e f f i c i e n t  may indeed be a  su r f ace  proper ty  under c e r t a i n  c l i m a t i c  

condi t ions ,  however, the  f a c t  t h a t  the atmospheric r a d i a t i o n  i s  no t  

cons tan t  with time renders  i t  of l i t t l e  phys ica l  s i g n i f i c a n c e .  on ly  

q u a l i t a t i v e  pronouncements a t  b e s t  can be made about any thermal 

c h a r a c t e r i s t i c s  of t h e  ground su r f ace .  

SUMMARY AND CONCLUSIONS: 

Experimental r e s u l t s  have v e r i f i e d  the t h e o r e t i c a l  p red ic t ion  

t h a t  r eg re s s ion  s lopes  of n e t  on s o l a r  r a d i a t i o n  should be the same 
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f o r  pooled hour ly  d a t a  and d a i l y  t o t a l s .  This condi t ion  w i l l  only 

ob ta in  i n  r e a l i t y ,  however, i f  s u f f i c i e n t  d a t a  p o i n t s  near  t he  

o r i g i n  a r e  a v a i l a b l e  f o r  t h e  d a i l y  t o t a l s .  The experimental r e s u l t s  

have shown the  r ecen t  work of Davies ( 2 )  t o  be i n  e r r o r  and t h a t  of 

Davies c a l l s  i n c o n s i s t e n t ,  t o  be  the  more c o r r e c t .  

The "hea t ing  c o e f f i c i e n t "  of Monteith and Szeicz (6) has been 

shown t o  be a good s u r f a c e  property only i n  c l imates  where the  

d i u r n a l  v a r i a t i o n s o £  atmospheric long-wave r a d i a t i o n  a r e  f a i r l y  

uniform from day t o  day. Even then, however, any implied r e l a t i o n  

between i t s  va lue  and the  s u r f a c e s '  thermal p r o p e r t i e s  must be con- 

s ide red  h ighly  ques t ionable .  
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Table 1. Slope of regression of net radiation on solar radiation f o r  

several different irrigated field crops at Phoenix, Arizona. 

Adapted from Fritschen (3). 

Crop Slope 

Alfalfa 0.75 1 

Barley 

Wheat 

Oats 

Cotton 

Sorghum 

All Crops 
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Figure 1. Combined r eg re s s ion  of d a i l y  t o t a l s  of ne t  r a d i a t i o n  on 

short-wave r a d i a t i o n  f o r  two d i f f e r e n t  crops i n  two 

widely separa ted  a r e a s .  
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1 JUNE 
2 JUNE 
3 JUNE 

HEATING COEFFICIENT (P) 
4 JUNE COVER SPARCE , DRY BARE SOlL 

-0  +OfO 

5 JUNE EASILY SEEN BETWEEN PLAWTS 
6 JUNE IRRIGATE' 65  m m  
7 J U N E  SOlL WET 
BJUNE 
3 JIINE 

I0 JUNE 
I I JUNE SURFALF '3011 ORY 

14 JUNE 
I S  JUNE WET SURFACE SOlL 
I6 JUNE 
I ?  JUME 

IZ JUNE MOW CROP to  t o m ,  COVEN STILL INCOMPLETE 
I 5  JUNE lRRlGATC 70 rnm 

18 JUNE 
19 JUNE DRY SURFACE STILI. VISIBLE 
ZOZOJUNE IRRIGATE. 4 4  m m  
21 JUNE WET SURFACE STILL VISIBLE 
22JUNE 
23JUNE 
2 4 J U N E  
2 5 J U N E  DRY SURFACE 
2 6  JUNE 
27JUNE 
ZBJUNE IRRIGATE 43 rnm 
2 9  JUNE 

< 
JOJUNE CROP loo c m  HIGH, EXCELLENT COMPLETE 
I JULY COVER 
2 JULY 
3 JULY 

( 
4 JULY 
5 JULY 
6 J U L Y  
TJULY COVER COMPLE1 E WITH INFLORESECENCES 
8 J U L Y  

.$JULY IRRIGATE 5 0  mm 
lo  JULY 

F i g u r e  2. V a r i a t i o n  o f  t h e  h e a t i n g  c o e f f i c i e n t  of suclangrass d u r i n g  

four  c o n s e c u t i v e  i r r i g a t i o n  c y c l e s  a t  Phoenix, Arizona.  
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L z2 A P R l ~  LAST IRRIGATION ON 

2 3  AqRlL 
4 APRIL' 3l mm 

2 8  A ~ I L  '. 
2 9  AqRlL 

' I 8  JUNE IRRIGATE' 133 mm 
2 0  J ~ N E  
2 1  JVNE 

1 2 8  JUNE IRRIGATE I 0 0  mm 
3 JULY 
4 JU,LY 

1 16 JULY IRRIGATE 141 mm 
17 J ~ L Y  
18 JYLY 

I 
25 JULY 
26 JULY 
8 7  JYLY 

I 2 9  JULY IRRIGATE, 140 mm 
8 A ~ G ,  
9 AYG. 

F i g u r e  3 .  Variation of t h e  h e a t i n g  c o e f f i c i e n t  of a l f a l f a  o f  

di f fe ren t :  h e i g h t s  over  a pe r iod  of several .  rrlonths a t  

Phoenix, Arizona.  
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TITLE : INFRARED THERMONETRY OF SOLES AND VEGETATION 

LINE PROJECT; SWC W9 gG-6 CODE NO.: Ariz,-WCE-29C 

INTRODUCTION: 

In the measurement of surface temperatures of soils or vegeta- 

tion, it is necessary to know the value of sky radiance incident upon 

the surface whose temperature is being monitored. If the sky 

radiance is relatively constant throughout the day, this imposes no 

real problem. If, however, it is variable with large deviations 

about a mean value, only the continuous monitoring of this parameter 

in the course of soil or vegetation temperature measurements will 

insure that the proper correction may be applied to account for the 

portion of this radiation which is reflected from the surface viewed 

by the infrared thermometer, 

Recently, Conaway and Van Bavel (1, 2, 3, 4) reported large 

diurnal fluctuations in sky radiance of just this nature. Theoret- 

ical considerations of Idso and Jackson ( 6 ) ,  however, indicated that 

the variations they observed were not physically possible. Thus it 

was decided to reexamine this phenomenon of sky radiance and deter- 

mine the cause for the anomalous results of Conaway and Van Bavel. 

If sky radiance was relatively constant, contrary to their claims, 

this would greatly expedite the obtaining of surface temperatures of 

soil and vegetation by infrared thermometry. 

PROCEDURE: 

We constructed first an apparatus which every five minutes 

alternately exposed to the view of the infrared thermomerer either a 

reflectance plate (E = 0.467)  or a blackened aluminum plate 

(E = 0 . 9 8 0 ) .  The radiation environment of each plate was essentially 

unaltered in either position. Both plates had thermocouples imbedded 

just below their upper surfaces, and plate temperatures were thus 

acquired every five minutes. 

Radiation and temperature data obtained from the reflectance 

plate were used to calculate sky radiance (W ) from the formula 
I 
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where WT i s  t h e  normal r a d i a n c e  of t h e  s u r f a c e  a s  sensed by t h e  

i n f r a r e d  thermometer, W i s  t h e  normal blackbody r a d i a n c e  a s  i t  would 
S 

b e  sensed by t h e  i n f r a r e d  thermometer,  and E i s  t h e  e f f e c t i v e  s u r f a c e  

e m i t t a n c e  of t h e  r e f l e c t a n c e  p l a t e  weighted by t h e  f i l t e r i n g  system 

of t h e  i n f r a r e d  thermometer.  

R a d i a t i o n  and t empera tu re  d a t a  o b t a i n e d  from t h e  b l a c k  p l a t e  

were used t o  o b t a i n  a c a l i b r a t i o n  curve  f o r  t h e  i n f r a r e d  thermometer 

and t h e r e a f t e r  a c t  a s  a  check upon t h e  p roper  o p e r a t i o n  of t h e  i n -  

s trumen t . 
We used t h e  same IT-2 i n f r a r e d  thermometer t h a t  Conaway and Van 

Bavel  used and a  newer model I T - 3 .  P r i o r  t o  u s e  we r e t u r n e d  t h c  IT-2 

t o  t h e  manufac tu re r  f o r  checking and s e r v i c i n g .  Our i n i t i a l  measure- 

ments were t h u s  made w i t h  t h e  IT-3. 

A f t e r  o b t a i n i n g  s i x  c o n s e c u t i v e  c l e a r  days '  d a t a ,  a  c a l i b r a t i o n  

curve  f o r  t h e  IT-3 was c o n s t r u c t e d  from t h e  b l a c k  p l a t e  o b s e r v a t i o n s .  

As a f i r s t  approximat ion i t  was assumed t h a t  t h e  b l a c k  p l a t e  had an  

e m i t t a n c e  of 1.0,  s o  t h a t  t h e  energy sensed by t h e  IT-3 could be  ob- 

t a i n e d  a s  t h e  blackbody r a d i a t i o n  emi t t ed  by the  p l a t e  a t  t h e  

t empera tu re  sensed by t h e  thermocouples j u s t  below i t s  top  s u r f a c e .  

Using t h i s  c a l i b r a t i o n  c u r v e  t o  o b t a i n  W f o r  t h e  r e f l e c t a n c e  p l a t e  
T  

i n  e q u a t i o n  ( 1 ) ,  W was c a l c u l a t e d  and found t o  be  extremely constanL 
I 

over  t h e  e n t i r e  s i x - d a y  p e r i o d .  This  al lowed u s  t o  r e c a l i b r a t e  t h e  

IT-3 i n  terms of t h e  a c t u a l  r a d i a n t  energy emerging from t h e  b l a c k  

p l a t e  s u r f a c e :  

Annual Report of the U.S. Water Conservation Laboratory



The new c a l i b r a t i o n  curve  was o n l y  s l i g h t l y  d i E f e r e n t  from t h e  f i r s t  

one, e s p e c i a l l y  i n  t h e  range  of r a d i a t i o n  v a l u e s  f o r  t h e  r e f l e c t a n c e  

p l a t e ,  On a  graph of t h e  s c a l e  used by Conaway and Van Bavel ( 3 ) ,  

new va lues  of W o b t a i n e d  w i t h  t h e  second c a l i b r a t i o n  could  no t  b e  I 
d i s t i n g u i s h e d  from t h e  f i r s t  v a l u e s .  

Upon r e t u r n  from t h e  manufac tu re r ,  t h e  IT-2 i n f r a r e d  thermometer 

was c a l i b r a t e d  i n  a  manner analogous t o  t h a t  used i n  c a l i b r a t i n g  t h e  

IT-3.  During t h i s  t ime  b o t h  i n s t r u m e n t s  were operalrccl s  imul taneous Ly . 
A s  a  check upon t h e  r e f l e c t a n c e  p l a t e  method of  o b t a i n j  ng sky 

r a d i a n c e ,  b o t h  were a t  t imes  p o i n t e d  skyward t o  t h e  z e n i t h .  

The f i n a l  phase o f  our  exper imenta t ion  c o n s i s t e d  of checking t h e  

e f f e c t s  of d i f f e r e n t  ambient t empera tu res  on t h e  performance of t h e  

i n s t r u m e n t s .  We f i r s t  p laced  b o t h  s e n s i n g  heads  i n  a  w e l l - i n s u l a t e d  

box equipped w i t h  means f o r  c o o l i n g  and h e a t i n g  t h e  a i r  w i t h i n .  

Holes i n  t h e  s i d e  o f  t h e  box a l lowed t h e  s e n s i n g  heads  t o  moni te r  

t h e  r a d i a n c e  o f  a  b l a c k  p l a t e  i n  a  f a i r l y  c o n s t a n t  t empera tu re  labo-  

r a t o r y  room. AEter t e s t i n g  t h e  s e n s i n g  heads  a l o n e ,  t h e  e l e c t r o n i c s  

c o n s o l e s  o f  b o t h  i n s t r u m e n t s  were p laced  i n  t h e  box w i t h  t h e  heads 

and t h e  t e s t  r e p e a t e d .  I n  b o t h  c a s e s  ambient t empera tu res  from 15 t o  

50  C were t r a v e r s e d .  

RESULTS AND DISCUSSION: 

The r e s u l t s  of some of our  measurements of c l e a r  sky  r a d i a n c e  
- 1 

( o r  r a d i a n t  e m i t t a n c e )  i n  t h e  600- to  1300-cni waveband d u r i n g  t h e  

Eirst phase of our  exper iment ,  when o n l y  t h e  IT-3 i n f r a r e d  thermom- 

e t e r  was i n  o p e r a t i o n ,  a r e  shown i n  F i g u r e  1. Also shown t h e r e  a r e  

t h e  concur ren t  v a l u e s  o f  ozone c o n c e n t r a t i o n  a s  recorded  by t h e  A i r  

P o l l u t i o n  Branch of t h e  Maricopa County H e a l t h  Department.  Although 

l a r g e  v a r i a t i o n s  i n  ozone c o n c e n t r a t i o n  a r e  e v i d e n t ,  a s  they were i n  

t h e  exper iments  of Conaway and Van Bavel,  t h e  200 t o  400% d a i l y  i n -  

c r e a s e s  i n  sky r a d i a n c e  which they  c h a r a c t e r i s t i c a l l y  observed and 

c o r r e l a t e d  w i t h  ozone a r e  comple te ly  a b s e n t .  Maximum d a i l y  d e v i a -  

t i o n s  o f  sky r a d i a n c e  from each d a i l y  mean were 5 10%. For trhe 
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e n t i r e  s ix-day period inves t iga t ed  a t  t h i s  time, they were gene ra l ly  

no t  more than 2 15%. 

Some of t he  r e s u l t s  of t he  second phase of our  experiment, when 

both t h e  IT-2 and the  IT-3 were i n  opera t ion ,  a r e  shown i n  Figure 2 .  

Throughout t h i s  per iod  t h e  IT-3 was pointed skyward t o  t h e  zen i th .  

The IT-2 was s i m i l a r l y  d i r e c t e d  skyward on 15 November, bu t  from then 

on was used t o  view t h e  r e f l e c t a n c e  and b lack  p l a t e s .  Throughout 16 

November and a t  one time on 17 November, and aga in  on 19 and 20 

November (not shown), broken in te rmedia te  he igh t  clouds were p r e s e n t ,  

Both instruments  responded wel l  t o  t h e  r e s u l t i n g  increased  thermal 

r a d i a t i o n  a t  these  t imes. 

During t h e  c l e a r  po r t ion  of t h i s  per iod,  t he  IT-3 gave a  r e l a -  

t i v e l y  cons tan t  sky rad iance .  Between 1200 and 1800 on 15, 17, and 

18 November, t he  IT-2 recorded inc reases  of 40 t o  70%, however. 

These inc reases  always occurred during the  h o t t e s t  p a r t  of the  day, 

suggest ing a  temperature e f f e c t  on the  instrument .  The b lack  p l a t e  

d a t a  of 17 and 18 November ind ica t ed  the  IT-2 was malfunct ioning a t  

t hese  t imes. 

Tn the  l abo ra to ry  t e s t s  designed t o  check out  p o s s i b l e  tempera- 

t u r e  e f f e c t s ,  we found t h e  sens ing  head of t he  IT-3 s t a b l e ,  b u t  t h a t  

of t h e  IT-2 s u b j e c t  t o  e r r o r s  of from 20 t o  30% between 45 and 50 C .  

These e r r o r s ,  however, were i n  t h e  oppos i te  d i r e c t i o n  from t h e  one we 

had obtdined ou t s ide .  When the  e l e c t r o n i c s  consoles  of t he  i n s t r u -  

ments were included i n  t h e  t e s t ,  we found t h a t  from 37 C and up the 

output  of the  IT-2 dec l ined  d r a s t i c a l l y ,  from 23 mv t o  0 mv. Since 

the  output  of t he  i n f r a r e d  thermometers i s  i nve r se ly  p ropor t iona l  t o  

t he  energy sensed, t h i s  would be i n t e r p r e t e d  a s  an inc rease  i n  i n c i -  

dent  energy, more than enough t o  account f o r  the  a f te rnoon peaks we 

observed with t h e  IT-2. The same e f f e c t  can a l s o  exp la in  the 

anomalous peaks observed by Conaway and Van Bavel (1, 2, 3, 4 ) .  

A s i m i l a r  e f f e c t  was observed with the  IT-3, b u t  n o t  u n t i l  an 

ambient temperature of 47 C was achieved (see  F igure  3 ) .  Since the 
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IT-3 always performed p r o p e r l y  o u t s i d e ,  t h i s  was i n t e r p r e t e d  a s  i n d i -  

c a t i n g  t h a t  t h e  i n s t r u m e n t s  d i d  n o t  exceed 47 C .  During t h e  p a r t s  of 

t h e  a f t e r n o o n s  when a i r  t empera tu re  r o s e  above 25 C, however, t h e  

g r e a t  i n t e n s i t y  of s o l a r  r a d i a t i o n  impinging on them must have r a i s e d  

t h e i r  i n t e r n a l  t empera tu res  above 37 C,  t h u s  c a u s i n g  t h e  IT-2 t o  mal- 

f u n c t i o n  whi le  t h e  I T - 3  s t i l l  worked p r o p e r l y .  

The m a n u f a c t u r e r ' s  s p e c i f i c a t i o n s  i n d i c a t e  t h a t  t h e  i n s t r u ~ n e n t s  

o p e r a t e  normal ly  f o r  ambient t empera tu re  ranges  o f  1.7 t o  40.5 C f o r  

t h e  IT-2 and 4 .4  t o  49.0 C f o r  t h e  IT-3.  We observed t h a t  b o t h  

ins t ruments  began t o  d e v i a t e  from t h e i r  normal o u t p u t s  about  2  o r  3 C 

b e f o r e  t h e i r  s p e c i f i e d  upper  t empera tu re  l i m i t s  were reached ( s e e  

F igure  3 ) .  The r a t e s  o f  d e v i a t i o n  wi th  i n c r e a s e d  t empera tu re  were 

ex t remely  r a p i d ,  much g r e a t e r  t h a n  we i n t u i t i v e l y  expec ted .  S ince  

t h e  a i r  t empera tu re  measured by Conaway and Van Bavel (3)  on 6  May 

1966 reached 35 C ,  i t  i s  conce ivab le  t h a t  even t h e  IT-3 would have 

mal func t ioned  i n  t h e  i n t e n s e  s o l a r  r a d i a t i o n  of t h e  c l e a r  sky condi-  

t i o n s  t h a t  day.  They had checked t h e  o u t p u t  o f  t h e  IT-2 o v e r  t h e  

range  4 t o  30 C and found normal performance.  Apparen t ly  they  were 

unaware of t h e  tremendous d e v i a t i o n s  t h e  ins t rument  would e x h i b i t  a t  

t empera tu res  above 37 C, t empera tu res  e a s i l y  a t t a i n e d  w i t h  t h e  e l e c -  

t r o n i c s  c o n s o l e  when exposed t o  i n t e n s e  s o l a r  r a d i a t i o n .  

~ i v i n ~  s u b s t a n t i a t e d  t h e  f a c t  t h a t  c l e a r  sky r a d i a n c e  i n  t h e  
- 1 

600- to  1.300-cm waveband i s  n o t  s u b j e c t  t o  l a r g e  f l u c t u a t i o n s  of t h e  

magnitude r e p o r t e d  by Conaway and Van Ravel ,  we proceeded t o  d e t e r -  

mine whether t h e  s m a l l  f l u c t u a t i o n s  we observe  were l a r g e  enough 

t o  n e c e s s i t a t e  t h e  c o n c u r r e n t  moni to r ing  of t h i s  pa ramete r  i n  t h e  

c o u r s e  of s o i l  o r  p l a n t  s u r f a c e  t empera tu re  measurements by means of 

i n f r a r e d  Chermometry. F i g u r e  4 summarizes t h e  r e s u l t s  of our  c a l c u -  

l a t i o n s  w i t h  r e s p e c t  t o  t h i s  q u e s t i o n .  S i n c e  t h e  g r e a t e s t  accuracy 

claimed f o r  che i n f r a r e d  t echn ique  of t empera tu re  measurement of s o i l  

and v e g e t a t i o n  i s  0 . 2  C ( 4 ,  5 ) ,  i t  i s  e v i d e n t  t h a t  f o r  a lmost  a l l  

such a p p l i c a t i o n s  o n l y  a few measurements o r  even a  good e s t i m a i c  oF 
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sky r a d i a n c e  should s u f f i c e .  

S W R Y  AND CONCLUSIONS: 

T h e o r e t i c a l  r e a s o n s  f o r  doubt ing  t h e  e x i s t e n c e  of l a r g e  Eluctua-  

t i o n s  i n  c l e a r  sky  r a d i a n c e  p r e v i o u s l y  observed a t  t h i s  l a b o r a t o r y  hy  

Conaway and Van Bavel (1, 2, 3 ,  4 ) ,  l e d  u s  t o  reexamine t h i s  s u b j e c t .  

We found t h e  p rev ious  anomalous r e s u l t s  t o  be due t o  an  ins t rument  

mal func t ion .  The f l u c t u a t i o n s  which d i d  occur  were s o  s m a l l  a s  t o  

e l i c i t  e s s e n t i a l l y  no c o r r e c t i o n  i n  t h e  c a l c u l a t i o n  of s u r f a c e  temper- 

a t u r e s  of s o i l  o r  v e g e t a t i o n  by means of i n f r a r e d  thermometry, 
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F i g u r e  1. C l e a r  sky r a d i a n c e  ( o r  r a d i a n t  emi f tance)  and s u r f a c e  

ozone c o n c e n t r a t i o n  a s  measured on 28 and 30 October 1967 

a t  Phoenix, Arizona.  
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Figure 2 .  Sky radiance a s  measured over t he  period 15-18 October 

1967 by Barnes I T - 2  and IT -3  i n f r a r e d  thermometers a t  

Phoenix, Arizona. 
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Figure 3. The temperature of a relatively constant temperature black 

plate as sensed by a thermocouple imbedded in the plate 

and I T - 2  and IT-3 infrared thermometers located in an 

insulated box as a function of internal box temperature. 
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Figure 4 .  The e r r o r  i n  r ad iome t r i ca l ly  determined su r f ace  tempera- 

t u r e s  a s  a  func t ion  of su r f ace  emit tance f o r  su r f ace  

temperatures of 0, 20, 40, and 60 C, caused by assuming 
- 2 

c l e a r  sky rad iance  cons tan t  a t  1.00 mw cm , when i t  - 

a c t u a l l y  v a r i e s  by + 15%. 
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TITLE : CLAY DISPERSANTS FOR THE REDUCTION OF SEEPAGE LOSSES 

FROM RESERVOIRS 

LINE PROJECT: SWC W7-gG-2 CODE NO.: Ariz,-WCL-37 

INTRODUCTION : 

Observations and s o i l  and water  ana lyses  were made during 1967 

on two s tock  tanks and one duck pond t r e a t e d  w i t h  sodium carbonate 

t o  reduce seepage, Dick Mason pond d id  not  go dry and no s o i l  samples 

were taken. House Mountain #1 pond did go dry i n  J u l y  and s o i l  

samples were taken, Swan Lake pond i n  Glendale, Arizona was t r e a t e d  

w i t h  sodium carbonate  i n  May 1967 and continuous water  l o s s  measure- 

ments have been made s i n c e  t rea tment ,  

PROCEDURE : 

Dick Mason Pond. Pe r iod ica l ly  during 1967 measurements were 

made on water  depth, water  l e v e l  dec l ine ,  and evapora t ion ,  The water  

l e v e l  drop was measured p e r i o d i c a l l y  during one-week i n t e r v a l s  wi th  

a F-1 waters tage  r eco rde r ,  Evaporation measurements were taken from 

a f l o a t i n g  pan, The pan was made by c u t t i n g  o f 1  the  bottom 1/3  of a 

55-gal lon drum, p lac ing  an  i n f l a t e d  b i cyc le  i nne r  tube around the 

ou t s ide  top r i m ,  and f a s t en ing  four  r u l e r s  90 degrees a p a r t  on the 

i n s i d e  of the pan, The pan was E i l l ed  w i t h  water so  t h a t  the water 

l e v e l  i n s i d e  the pan was equal  t o  t he  pond water  l e v e l .  This l e f t  

about a 2-inch f reeboard ,  Water depth i n  the pan was noted a t  the 

beginning and a t  t he  end of t he  measurement per iod .  It was assumed 

t h a t  f l o a t i n g  pan evapora t ion  i s  equal  t o  pond evapora t ion ,  The 

seepage r a t e  was c a l c u l a t e d  by s u b t r a c t i n g  the evapora t ion  from the  

water  l e v e l  d e c l i n e ,  

I n  a d d i t i o n  t o  water  l o s s  measurements, chemical ana lyses  were 

made on samples taken p e r i o d i c a l l y  from pond and runoff  water and 

from s o i l  s o l u t i o n  e x t r a c t s ,  Ceramic cups, i n s t a l l e d  i n  October 1965 

a t  depths of 5, 10, and 20 cm were used t o  sample t h e  s o i l  s o l u t i o n ,  

House Mountain Pond #1, Water depth, water l e v e l  dec l ine ,  and 

evapora t ion  were measured p e r i o d i c a l l y  during 1967 w i t h  t h e  same 
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methods d e s c r i b e d  f o r  Dick Mason. Pond and r u n o f f  w a t e r  and s o i l  

s o l u t i o n  e x t r a c t s  were a l s o  taken d u r i n g  1967. 

I n  a d d i t i o n ,  s o i l  samples were t aken  w i t h  a  6 - i n c h  bucket  auger  

a t  one l o c a t i o n  i n  t h e  pond bottom i n  J u l y  1967, The pond went dry ,  

n o t  because  o f  a  h i g h  seepage l o s s ,  b u t  because  o f  low r a i n f a l l  and 

r u n o f f ,  From October 1965 through J u l y  1967 we recorded  on ly  97 mm 

r a i n f a l l  a t  t h e  pond, 
2  

Swan Lake. I n  A p r i l  1967 t h i s  1520 m pond was surveyed,  and 

s o i l  samples were t aken  w i t h  a  6 - i n c h  bucket  auger  from f o u r  l o c a t i o n s  

i n  t h e  pond bottom, From t h e  s o i l  a n a l y s i s ,  i t  was dec ided  t h a t  t h e  

pond could  be s e a l e d  w i t h  sodium c a r b o n a t e ,  I n  mid-May t h e  pond was 

f i l l e d  w i t h  w a t e r  t o  o b t a i n  a  p r e t r e a t m e n t  w a t e r  l o s s  r e c o r d ,  On 
2 

May 26 t h e  pond was t r e a t e d  w i t h  s a l t ,  E i g h t  a r e a s  o f  190 m each 

were  s t a k e d  ou t ,  and sodium c a r b o n a t e  a t  t h e  r a t e  o f  0.24 kg m-L was 

b r o a d c a s t  on t h e  s o i l  s u r f a c e .  The t r e a t m e n t  w a s  des igned  t o  g i v e  

an  ESP (exchangeable  sodium percen tage)  o f  15 i n  t h e  t o p  1 0  cm of  

s o i l .  The s a l t  was i n c o r p o r a t e d  i n t o  t h e  s o i l  t o  a  d e p t h  o f  10 cm 

w i t h  a  s p i k e  t o o t h  harrow p u l l e d  behind a  pickup t r u c k ,  It took two 

men approximately  2  h r s  t o  l a y  o u t  t h e  g r i d ,  b r o a d c a s t  t h e  s a l t ,  and 

harrow t h e  pond, 

The pond was f i l l e d  w i t h  w a t e r  on 28 May. The pond went d ry  i n  

abou t  1 0  days and was d r y  f o r  5 days ,  It was r e f i l l e d  on 1 2  June and 

has  had w a t e r  i n  i t  s i n c e  t h a t  t ime,  

S o i l  samples were t aken  from t h e  pond bottom on 21  August and 

from t h e  bank on 02 October 1967, These samples were t aken  from t h e  

pond w i t h  w a t e r  i n  i t  by d r i v i n g  an  8 - inch  d iamete r  c y l i n d e r  3 f t  long 

6 i n c h e s  i n t o  t h e  s o i l ,  The w a t e r  was pumped o u t  and a  4 - inch  buckec 

auger  was used t o  o b t a i n  t h e  s o i l  samples .  

Samples o f  t h e  pond and f i l l i n g  wate r  were t a k e n  p e r i o d i c a l l y  

d u r i n g  t h e  y e a r .  Water t o  f i l l  t h e  pond from t h e  l o c a l  i r r i g a t i o n  

d i s t r i c t  comes from a  mix ture  o f  b o t h  s u r f a c e  and pumped w a t e r ,  

On 20 November a d d i t i o n a l  sodium carbona te  a t  t h e  r a t e  o f  
- 2 

0.116 kg m was b r o a d c a s t  on t h e  s o i l  i n  a band around t h e  edge 
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of t h e  pond between the  52- and 73-cm l e v e l  above the  pond bottom, 

This p a r t i a l  r e t r ea tmen t  was designed t o  br ing  the  ESP up t o  15 

i n  t he  top  L O  cm of s o i l .  

RESULTS AND DISCUSS ION : 

Dick Mason Pond. During 1967 seepage i n  t h i s  pond averaged 1 t o  
- 1 

2mm day from water depths of 560 t o  1080 nun. Sodium adsorp t ion  

r a t i o s  of e x t r a c t s  and water  samples taken dur ing  t h e  year  a r e  shown 

i n  Figure 1, Evaporation during the  year  increased  the sodium 

concent ra t ion  i n  t he  pond water,  a l though t h i s  was not r e f l e c t e d  

i n  the s o i l  s o l u t i o n  e x t r a c t s .  The reason f o r  t h e  sha rp  inc rease  

i n  SAR i n  the  5-cm depth and sharp  decrease i n  the  10-cm depth i n  

October i s  no t  known, but  samples t o  be taken i n  1968 may i n d i c a t e  

t he  cause. In t he  range of SAR values  shown on t h e  graph, SAR -- ESP, 

which means t h a t  i f  t he  s o i l  s o l u t i o n  i s  i n  equ i l i b r ium wi th  the s o i l  

complex, low seepage r a t e s  can p e r s i s t  when the  ESP i s  a s  low as  

2 t o  8 ,  

House Mountain 411 Pond. Since the  a d d i t i o n  of sodium carbonate  

and sodium c h l o r i d e  t o  the  pond water i n  November 1966 (see 1966 

Annual Report f o r  d e t a i l s ) ,  seepage p r i o r  t o  t he  J u l y  dryup ranged 
- 1 

from 3 t o  6 mm day w i t h  water  depths of 770 t o  1250 mm. After  t he  
- 1 pond had r e f i l l e d ,  seepage r a t e s  were 2 t o  3 mm day wi th  water  

depths of 1200 t o  1600 mm. 

From water  ana lyses  taken during the  year ,  SAR values  have been 

ca l cu la t ed  and a r e  shown i n  Figure 2 .  The sodium i n  the  pond water 

i nc reases  from January through May because of evaporat ion lo s ses  and 

then decreases  a s  t h e  pond i s  r e f i l l e d  by r e l a t i v e l y  pure runoff 

water .  

It i s  f e l t  t h a t  the  lower seepage r a t e s  a f t e r  the pond f i l l e d  

i n  August a r e  due t o  the  high SAR i n  the upper p a r t  of t he  s o i l .  

When the  pond was dry i n  Ju ly ,  s a l t s  moved upward a s  water  evaporated 

from t h e  s o i l  sur face ,  and the sodium once aga in  caused the s o i l  t o  

be d ispersed .  Notice a l s o  t h a t  the  SAR i n  the  s o i l  s o l u t i o n  a t  the 
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lower depths i nc rease  w i t h  time, i n d i c a t i n g  t h a t  sodium i s  moving down 

through the s o i l  p r o f i l e ,  Samples t o  be taken i n  1968 should g ive  an 

i n d i c a t i o n  of how f a s t  the  sodium i s  moving and where i t  i s  going. 

The s o i l  ana lyses  i n  Table 1 a l s o  show s u b s t a n t i a l  increase  

s i n c e  November 1966 i n  the  exchangeable sodium remaining on the  soi l .  

complex, and a  h igh  percentage of n a t u r a l l y  d ispersed  c l ay  i n  the 

30- t o  60-cm s o i l  depth,  It i s  q u i t e  l i k e l y  t h a t  t h i s  i s  t he  predomi- 

nant  seepage c o n t r o l l i n g  l aye r  i n  t he  s o i l  p r o f i l e .  

Swan Lake Pond, The pretreatment  s o i l  a n a l y s i s  on 25 Apr i l  1967 

(Table 2) shows a  r e l a t i v e l y  low ESP i n  t h e  0- t o  30-cm depth. However, 

about 3  months a f t e r  t rea tment  the ESP ranged from 10 t o  16 i n  the  same 

depth,  A p l o t  of water  l o s s  r a t e  (seepage -I- evaporat ion + t r a n s p i r a -  

t i o n  by weeds on the  bank) versus  water depth i s  shown i n  Figure 3,  

The average water  l o s s  r educ t ion  f o r  the  water depth shown i s  92%. 

It can be seen  t h a t  the  l o s s  r a t e  was s t i l l  h igh  when the  pond 

was f u l l .  This may be due t o  water  flowing down p a s t  t he  r o o t s  of 

Johnsongrass growing i n  t h i s  a r e a  and/or a  l o s s  of sodium from the  

bank s o i l .  S o i l  samples taken i n  t he  s i d e  of the  pond on 02 October 

1967 show an ESP of  5 t o  7. We decided t h a t  a d d i t i o n a l  'sodium 

carbonate  might reduce the  high r a t e  of l o s s ,  s o  more s a l t  was added. 

Weather condi t ions  have prevented us  from taking Eurther water l o s s  

measurements. The p a r t i a l  re t rea tment  w i l l  be eva lua ted  i n  1968. 

The average r educ t ion  i n  water  l o s s  a s  a  func t ion  of time i s  

shown i n  Figure 4 .  These va lues  were ca l cu la t ed  by tak ing  the  time 

(pos t t rea tment )  i t  took f o r  t h e  water l e v e l  t o  drop a  given d i s t ance  

a s  compared wi th  the  time (pretreatment)  i t  took f o r  t he  water l e v e l  

t o  drop the same d i s t ance .  It i s  evident  t h a t  i t  took about 2  months 

be fo re  the  reduct ion  reached 90%- This time dependency may be due t o  

(1) sodium rep lac ing  calcium and magnesium on the s o i l  (2) d i spersed  

c l ay  moving i n t o  the  void space and (3) c l ay  swel l ing  i n  t he  voids .  

Also note  t h a t  the temporary dryup i n  e a r l y  June caused the  r educ t ion  

t o  be depressed s l i g h t l y ,  bu t  only f o r  a  s h o r t  per iod of t ime, 
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SUMMARY: 

Two and one-ha l f  y e a r s  have passed s i n c e  Dick Mason pond was 

t r e a t e d  w i t h  sodium c a r b o n a t e  t o  reduce seepage,  and t h e  seepage r a t e  
- 1 

i s  s t i l l  o n l y  1 t o  2 m day . This  t r e a t m e n t  has a l r e a d y  l a s t e d  one 

y e a r  longer  than when t h e  pond was t r e a t e d  w i t h  t e t r a s o d i u m  polyphos- 

pha te .  House Mountain #1 pond r e c e i v e d  an a d d i t i o n  o f  sodium c a r b o n a t e  

and sodium c h l o r i d e  t o  t h e  pond w a t e r  i n  November 1966, and t h e  seepage 
- 1 

r a t e  has  averaged 4 mm day s i n c e  t h a t  t ime.  The maintenance procedure  

f o r  ponds i n i t i a l l y  t r e a t e d  w i t h  s a l t  has been c l e a r l y  demonstra ted.  

Swan Lake was t r e a t e d  w i t h  sodium c a r b o n a t e  i n  May 1967 and t h e  

w a t e r  l o s s  has  been reduced 92% (on t h e  average  from 244 t o  20 mm 
- 1 

day ) It took about  2 months b e f o r e  t h e  w a t e r  l o s s  r e d u c t i o n  

reached 90%. This  t ime dependency may be due t o  (1) sodium r e p l a c i n g  

ca lc ium and magnesium on t h e  s o i l ,  (2) d i s p e r s e d  c l a y  moving i n t o  t h e  

v o i d  space,  and (3)  c l a y  s w e l l i n g  i n  t h e  v o i d s ,  

PERSONNEL: Robert  J. Reginato ,  Lloyd E .  Myers. 
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Table  1. Exchangeable sodium (ES) and n a t u r a l l y  d i s p e r s e d  c l a y  

from House Mountain Pond No, 1. 

Depth Date E S Dispersed  c l a y  < 2p 

(cm) % % 
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Table  2. Exchangeable sodium (ES) and d i s p e r s e d  c l a y  from Swan Lake,  

N a t u r a l l y  d i s p e r s e d  
Date Depth L o c a t i o n  ES c l a y  < 2p 

25 Apr 67 

21 Aug 67 

02 Oct 67 

Pond bottom 

I t  

I I 

I 1  

I I 

I I 

I I 

I I 

I I 

I 1 

11 

1 1  

Pond bank 
I I 

I t  
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F i g m e  1, Sodium a d s o r p t i o n  r a t i o  (SAX) and w a t e r  d e p t h  v e r s u s  t ime  f o r  Dick  Hason Pond. Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  2 .  Sodium a d s o r p t i o n  r a t i o  ( S A R )  and w a t e r  d e p t h  v e r s u s  t ime f o r  House Mountain 
Pond No. 1. Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  3 .  R a t e  o f  w a t e r  l o s s  v e r s u s  w a t e r  d e p t h  f o r  Swan Lake. 
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Figure 4. Average wate r  l o s s  r educ t i on  versus time f o r  Swan Lake. 

37-11 
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TITLE : WATERBORNE SEALANTS TO REDUCE SEEPAGE LOSSES FROM 

UNL INED CHANNELS AND RESERVOIRS 

LINE PROJECT: SWC W7 gG-2 CODE NO.:  Ariz.-WCL-38 

INTRODUCTION : 

In May 1967 one r e s e r v o i r  was t r e a t e d  wi th  a waterborne s e a l a n t  

t o  reduce seepage, Water l o s s  measurements were made on t h i s  pond 

and on one t r e a t e d  w i t h  a d i f f e r e n t  waterborne s e a l a n t  i n  1966. 

PROCEDURE : 

Salome No. 1, This r e s e r v o i r  had an i n i t i a l  water lo s s  r a t e  of 
- 1 

3.00 f t  day a t  i t s  opera t ing  l e v e l  (4.7 f t  deep) .  It was t r ea t ed  

wi th  s e a l a n t  10A (a r ap id  s e t t i n g  type a spha l t  emulsion) i n  October 

1966 (see 1966 Annual Report f o r  d e t a i l s ) .  Water l o s s  measurements, 

taken i n  May and September 1967, were made wi th  an F-1 water  s t a g e  

recorder .  The t e s t s  were s t a r t e d  when the pond was f u l l ,  and the 

water  l e v e l  dec l ine  was recorded f o r  3 t o  5 days. This water l o s s  

i s  equal  t o  seepage p lus  evapora t ion ,  

Salome No. 2.  Located next  t o  Salome No. 1 r e s e r v o i r ,  No, 2 had - 1 
a pretreatment  seepage r a t e  of 2,53 f t  day a t  i t s  ope ra t ing  l e v e l  

(5.5 f t  deep).  

P r io r  t o  t r e a t i n g  the  r e s e r v o i r ,  e i g h t  8- inch  diameter x 18-inch 

long i n f i l t r a t i o n  cy l inde r s  were placed 4 inches deep i n  the  pond 

bottom and f i l l e d  w i t h  water  t o  a depth of 12 inches .  I n i t i a l  i n t ake  

r a t e s  were measured by measuring the r a t e  of f a l l  of the water su r f ace  

wi th  a r u l e r  and stopwatch, Duplicate  cy l inde r s  were then t r e a t e d  a s  
- 2 

follows : (1) no emulsion added (2) 0.25 g a l  yd emulsion added 
- 2 

(3) 0.50 g a l  yd-2 emulsion added and (4) 0.75 g a l  yd emulsion added. 

Intake r a t e s  were aga in  measured 18 hours a f t e r  the  emulsion was 

added. 

In  May 1967, 1100 ga l lons  of s e a l a n t  13MR (a slow s e t t i n g  type 

a s p h a l t  emulsion) was added t o  the  f i l l i n g  water i n  the  r e s e r v o i r  
- 2 

r e s u l t i n g  i n  an a p p l i c a t i o n  r a t e  of 0.75 g a l  yd I n i t i a l l y ,  we 

t r i e d  t o  pump the  emulsion i n t o  the  incoming water,  but t he  in t ake  
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screen  on the  gear  pump clogged, We then t ipped the  drums of a spha l t  

emulsion on t h e i r  s i d e s  and l e t  the  emulsion flow i n t o  the  water  from 

t h e  pond bank. There was adequate mixing of emulsion w i t h  the  water .  

Emulsion 13MR was used in s t ead  of 10A because the  former i s  much 

e a s i e r  t o  manufacture than the  l a t t e r ,  This may u l t ima te ly  reduce the  

ma te r i a l  c o s t s  t o  t he  buyer,  

Two weeks a f t e r  t reatment ,  360 a d d i t i o n a l  ga l lons  of 13MR (0,25 
- 2 

g a l  yd ) were added t o  t h e  pond water (pouring emulsion from drums 

on pond bank) and the  pond was r e f i l l e d .  Water l o s s  measurements 

were taken i n  June, August, and September i n  t he  same manner a s  

mentioned f o r  Salome No, 1. 

RESULTS AND DISCUSS I O N  : 

Salome No. I ,  Water l o s s  measurements taken i n  Apr i l  showed a  
- 1 

water  l o s s  r a t e  of 0.19 f t  day a t  the  ope ra t ing  l e v e l ,  o r  a  water  

l o s s  reduct ion  of 94% (see Figure 1 ) .  In  September, the  l o s s  had 

dec l ined  t o  0.03 f t  daym1 o r  a reduct ion  of 99%. This a d d i t i o n a l  

reduct ion  11 months a f t e r  t reatment  i s  not due t o  t he  a s p h a l t  223 
but  t o  o the r  f a c t o r s .  The a s p h a l t  decreased the  water  l o s s  q u i t e  

d r a s t i c a l l y  i n i t i a l l y .  Subsequent r educ t ion  is thought t o  be due t o  

s i l t  blown i n t o  the  pond or ,  more probably, by b i o l o g i c a l  s e a l i n g .  

This l a t t e r  e f f e c t  may be due t o  f i s h  and f i s h  food put i n t o  the  pond 

by the  farmer,  C a t f i s h  p lan ted  i n  the  pond i n  Apr i l  have not been 

a f f e c t e d  by the  a s p h a l t  s e a l ,  

Salome No. 2.  The reduct ion  i n  i n t a k e  r a t e s  a s  determined by 
- 2 

the  cy l inde r s  was 83% a t  t he  0,25 g a l  yd t reatment  r a t e ,  89% a t  
- 2 - 2 

the  0.50 g a l  yd r a t e ,  and 94% a t  the 0,75 g a l  yd r a t e ,  On t h e  
- 2 

b a s i s  of these  r e s u l t s  the  0.75 g a l  yd r a t e  was used f o r  the 

r e s e r v o i r  t reatment .  

The i n i t i a l  water  l o s s  of 2.53 f e  day-' dec l ined  t o  1.78 
- 1 

f t  day during the  week fol lowing the  t rea tment  (see Figure 1 ) .  

Since t h i s  amounted t o  o n l y  a 30% reduct ion,  i t  was decided t o  add 
- 2 

more emulsion t o  t he  pond. Subsequently, 360 g a l  (0.25 g a l  yd ) 
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- 1 
of the s e a i a n t  were added, and the  water  l o s s  dec l ined  t o  0.39 f t  day 

(85% reduct ion)  i n  e a r l y  June. Apparently, our cy l inde r  t e s t  was not 

r e p r e s e n t a t i v e  of the  condi t ions  i n  the  e n t i r e  r e s e r v o i r ,  
- 1 

In August, t he  water  l o s s  had dec l ined  t o  0.07 f t  day (97% 
- 1 

reduct ion)  and i n  September t o  0.03 f t  day (99% reduc t ion ) .  This  

a d d i t i o n a l  reduct ion ,  we f e e l ,  was due t o  f a c t o r s  mentioned under 

Salome No. 1. 

Addit ional  observa t ions  on both r e s e r v o i r s  during 1968 w i l l  be 

made t o  determine the  longevi ty  of t he  t rea tments ,  

SUMMARY : 

Water l o s s  measurements were made on Salome No. 1, a  r e s e r v o i r  

t r e a t e d  w i t h  a  waterborne s e a l a n t  (10A) i n  October 1966. The l o s s  had 
- 1 - 1 

decl ined from a  pre t rea tment  r a t e  of 3,00 f t  day t o  0.03 f t  day , 
11 months a f t e r  t reatment ,  o r  a  reduct ion  i n  water  l o s s  of 99%. 

Salome No, 2 was t r e a t e d  wi th  a  waterborne s e a l a n t  (13MR), which 

i s  e a s i e r  t o  manufacture than 10A. I n f i l t r a t i o n  cy l inde r  t e s t s  i n  

t he  pond p r i o r  t o  t rea tment  showed a  94% reduc t ion  i n  i n t ake  r a t e  
- 2 

w i th  an a p p l i c a t i o n  of 0.75 g a l  yd . Emulsion a t  t h i s  r a t e  was added 

t o  t he  r e s e r v o i r ,  and the  water  l o s s  dec l ined  from a  pretreatment  r a t e  
- 1 - 1 

of 2.53 f t  day t o  1.78 f t  day i n  a week's time (30% reduct ion) .  

The cy l inde r  t e s t s  were apparent ly  not  r e p r e s e n t a t i v e  of the  e n t i r e  
- 2  

r e s e r v o i r ,  so  more emulsion, 0.25 g a l  yd , was added t o  the  r e s e r v o i r  
- 1 

water ,  The water l o s s  dec l ined  t o  0.39 f t  day (85% reduct ion)  one 
- 1 

week a f t e r  t h i s  a d d i t i o n  and th ree  months l a t e r  t o  0.03 f t  day 

(99% reduc t ion ) .  

The con t inua l  r educ t ion  i n  water l o s s  w i t h  time f o r  bo th  ponds 

i s  no t  due t o  t he  a s p h a l t  per  s e .  The a spha l t  d r a s t i c a l l y  reduced 

water  l o s s  i n i t i a l l y ,  and subsequent reduct ion  i s  thought t o  be due 

t o  b i o l o g i c a l  s ea l ing .  This l a t t e r  e f f e c t  was enhanced by Eish and 

f i s h  food put i n t o  the pond by the  hrmer . 
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Waterborne s e a l a n t s  have been shown t o  be s u c c e s s f u l  i n  reduc ing  

seepage l o s s e s  f o r  11 months under c o n d i t i o n s  we encounte red .  Thc 

l o n g e v i t y  o f  t h i s  type  of t r e a t m e n t  i s  s t i l l  under i n v e s t i g a t i o n .  

PERSONNEL: Robert  5 .  Regina to  and Lloyd E, Myers. 
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F i g u r e  1, R a t e  of w a t e r  l o s s  v e r s u s  t ime f o r  Salome Ponds 1 and 2 .  
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TITLE : DISPERSTON AND FLOCCULATION OF SOIL AND CLAY MINERALS 

AS RELATED TO THE Na AND Ca STATUS OF THE AMBIENT 

SOLUTION. 

LINE PROJECT: SWC W 7  gG-5 CODE NO. :  Ariz,-WCL-40 

INTRODUCTION: 

The fundamentals  of Ca a c t i v i t y  measurements were d i s c u s s e d  i n  t h e  

Annual Report  of ,1966, I n  e s s e n c e ,  t h e  r e l i a b l e  measurement of t h e  

Ca and N a  s t a t u s  of t h e  s o i l  s o l u t i o n  r e q u i r e s  p r e c i s e  knowledge of 

t h e  a c t i v i t i e s  of t h e  two k i n d s  of c a t i o n s ,  However, i n  t h e  c a s e  of 

Ca s a l t s  such  as CaCO complexes and u n d i s s o c i a t e d  s p e c i e s  a r e  3 ' 
p r e s e n t  which d e t r a c t  from t h e  " t r u e "  Ca+2 a c t i v i t y .  To overcome 

t h i s  shor tcoming,  Ca a c t i v i t i e s  were measured w i t h  t h e  newly developed 

Ca membrane e l e c t r o d e  and used i n  c o n j u n c t i o n  w i t h  a theory  developed 

f o r  e s t i m a t i n g  t h e  q u a n t i t y  of o t h e r  forms of Ca i n  t h e  CaCO water 
3- 

s y s  tem. 

THEORY : 

The development of a t h e o r y  f o r  t h e  d e t e r m i n a t i o n  of t h e  Ca 
4- 0 

complex CaHCO and t h e  i o n - p a i r  caCOO o r  Ca(HC03)2 r e q u i r e d  t h e  3 3 
i m p o s i t i o n  of mass b a l a n c e  t o  t h e  e q u i l i b r i u m  s o l u t i o n  of s a t u r a t e d  

CaC03, namely : 

Ca, r e p r e s e n t s  t h e  t o t a l  Ca concentration, It w a s  assumed i n  t h i s  r 
c a s e  t h a t  e i t h e r  u n d i s s o c i a t e d  C ~ C O '  o r  Ca(HC0 )O was p r e s e n t  a s '  

3  3  2  
s i g n i f i e d  by e q u a t i o n  ( l a )  and ( l b ) ,  r e s p e c t i v e l y ,  

The chemical  e q u a t i o n s  and e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  v a r i o u s  

s p e c i e s  are: 
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w i t h  ( ) r e p r e s e n t i n g  t h e  a c t i v i t y  of t h e  s o l u t e ,  The i o n  a c t i v i t y  
4-2 

is r e l a t e d  t o  t h e  i o n  c o n c e n t r a t i o n  by t h e  r e l a t i o n  (Ca ) = y c a+2 [ca3.'i, 
where t h e  b r a c k e t  [ ] is t h e  c o n c e n t r a t i o n  and y is t h e  a c t i v i t y  

c o e f f i c i e n t  which can be e s t i m a t e d  by t h e  extended Debye-WlickeL 

t h e o r y  f o r  d i l u t e  s o l u t i o n s .  So lv ing  e q u a t i o n s  ( 2 ) ,  ( 3 ) ,  and (4) 
+ 0 

f o r  (CaHC03) , (CaC03) , and C ~ ( H C O ~ )  20, r e s p e c t i v e l y ,  and s u b s t i t u t i n g  

them i n t o  ( l a )  o r  ( l b )  w i t h  a d d i t i o n a l  a l g e b r a i c  t r e a t m e n t  and re- 

arrangement ,  t;he f o l l o w i n g  are o b t a i n e d :  
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( 1  ( f 
bquat ions (5) and (6) r e l a t e  t o  tltc, concli t i o n  w i r e )  v i:aC:O 011d  (; ' I  ( \ I ( ; ( )  >)  

It J ... 
a r e  p r e s e n t ,  r e s p e c t i v e l y .  

A p l o t  of t h e  r a t i o  

y i e l d  a s t r a i g h t  l i n e  w i t h  I< = I / i n t e r c e p t  and I< K o r  l< l< = I / s lo l ,c l ,  
1 1. 2 L 3 

Botll C ~ C O '  and Ca(HC0 ) O could  corrceivab ty  bi? p r e s e n t  a t  t h e  
3 3 2 

same t ime ,  and .in t h i s  c a s e  cqua t io r i s  s i r n i l a r  t o  ( l a )  o r  ( l b ) ,  arid (5) 

or (6)  can be  developed.  Ilowever, ille s o l u t i o n  invo lves  Llic ( ,s t  i1n;rt i o t l  

of t h e  e q u i l i b r i u m  cons t a n t s  K l ,  I$, and K sirnultancotrs 1 y , m c i  
J ' 

s i n c e  on ly  two f a c i o r s  can  he dc te rn~ ine t l ,  namely, t i t e  s l o p c  a n d  

i n t e r c e p t ,  t h e  t l l r ee  unknown p a r a ~ n e t c r s  cannot b e  c'l l cu l , l t c t l .  K c i s t t l  ts 

t o  be p r e s e n t e d  l a t e r  w i l l  show t h a t  only one i o l r - p a i r  Lorm is  prc.serlt 

s o  t h a t  t h e  p r e c e d i n g  need n o t  be  c o n s i d e r e d  expei-irnt~ntally , d l  t h ~ ~ u g i i  

t h e  s i t u a t i o n  was c o n s i d e r e d  a s  a  p o s s i b i l i t y .  

Another method which does  n o t  r e q u i r e  the  use n f  Lhc, Ca mc.mbraue 

e l e c t r o d e  can be used  as a n  independent  check of K o b t a i n e d  f rot11 
i 

t h e  1'14-pCa mensurement. l n  t h i s  c a s e ,  o n l y  plt measurements of CaCL - 
2 

I I ,CO s o l u t i o n s  a r e  made. Zn a d d i t i o n  t o  e q u a t i o n  ( l a )  or (II)), w e  
L 3 

must u t i l i z e  t h e  charge  b a l a n c e  e q u a t i o n  

0 0 
When thc  experinlent  is run a t  low pl i  ' t i ,  the  f o  rrns CaCO, o r  (:a ( I lCO ) 

3 3 2 '  
c0 i2  a i d  OH- can be n e g l e c t e d .  Combinit~g e q u : ~ t i ( m  ( 7 )  wit11 ( I )  and 

i n t r o d u c i n g  t l ~ c  a p p r o p r i a t e  e c l u i l i b r i i m  ( ;ons tan t s ,  w c  Imvc 
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A s  n a t e d ,  t h i s  measurement i s  made a t  low pH. I l n f o r t u n a t e l y ,  t h e  

Ca menibrane e l e c t r o d e  cannot  be used because  tile (:a a c t i v i t y  mcasiircment 

is  a f fec tec l  significantly i n  t h e  p resence  of lligll c o n c e n t r a t i o n  of 
f 

H i o n s ,  Also ,  u n l i k e  t h e  pl-f-pCa method, only  K can Ire detcrntinecl. 
1 

PLI0CEI)URE : 

S a t u r a t e d  CaCO s o l u t i o n s  were p repared  from a n a l y t  i c a l  r eagen t -  
3 

g r a d e ,  powdered C a C O  The s o l u t i o n s  were a l lowed t o  s t a n d  w i t h  o c c a s i o n a l  
3' 

s h a k i n g  f o r  a t  l e a s t  one month p r i o r  t o  use .  The s a t u r a t e d  s o l u L i o n s  

were a g i t a t e d  i n  a  c l o s e d  sys tem by bubb l ing  60 -N gas  mix tu res  which 2 2 
ranged i n  coinposi t ion from 0.54 t o  99.98% C 0 2 .  A f t c r  b u l ~ l f l  i i lg  t.11~: 

gas  u n t i l .  t h e  pH remained c o n s t a n t  , (:a a c t i v i  t y  aic?itsuremtmts we r e  

made. Atmospheric CO c o n d i t i o n  was simulated by i ~ s i r t g  a 3'50 ppm 2 
CO, gas  mix tu re .  The g a s e s  were prcl-wcttcd by p a s s i n g  tilein t l~ roug l t  

2 1 3  
I L 

bubbl ing  towers .  pH and Ca a c t i v i L y  were measured sintu1tnncou:;ly 

wi th  t h e  g l a s s  and membrane e l e c t r o d e s ,  r e s p e c t i v e l y ,  u s i n g  two expandcd- 

s c a l e  pH-mil l ivol t  me te r s  wi. t h  a c c u r a c y  of 5 0.1 mv. C:crarnic-plug 

type s a t u r a t e d  K C 1  ca lomel  r e f e r e n c e  electrodch was u t  i l izecl .  'f ' l~t) 

g l a s s  e l c c t r o d e  was c a l i b r a t e d  i n  a p p r o p r i a t e  reference! so l  11 t i  o n h  

which iiatl been cl~eclted a g a i n s t  N13S s tonclard buf l c r s .  'l'l~e Ca c.lecL rode 

was c a l i b r a t e d  w i t h  s t a n d a r d  Car l  s o l u t i o n s .  F o r  i n c r e a s e d  a c c u r a c y ,  
" ' 2  

s t a n d a r d  s o l u t i o n s  were used which b racke ted  c l o s c l y  tile I:MF o u t p u t  

of t h e  unknown Ca s o l u t i o n .  T o t a l  Ca i n  s o l u t i o n  was determined by 

t h e  v e r s e n n t e  t i t r a t i o n  method. 

CaCl s o l u t i o n s  werc p repared  from reagen t -g rade  CaCl pL1 meahure- 
2 2' 

ments of t h e  CO - s a t u r a t e d  CaCl s o l u t i o n s  were lr~ade i n  a s i m i l a r  
2 2 

nmnner a s  t h e  s a t u r a t e d  CaCO, sys tem.  Only tho 99.98% gas  rnix~rlrr ,  3 
was used.  A l l .  measurements were tuade i n  a c o n s t a n t  t e m p e r a t u r e  room 
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Bicarbona te  c o n c e n t r a t i o n ,  [HCO;] , was e s t i m a t e d  from t h e  f i r s t  

d i s s o c i a t i o n  c o n s t a n t  (K ) of c a r b o n i c  a c i d .  S u i t a b l e  i o n i c  s t r e n g t h  
1 A  

(u )  c o r r e c t i o n s  were  made f o r  K (8)  and f o r  k ,  t h e  s o l u b i l i t y  c o n s t a n t  
1 A 

of C02 (4 )  such t h a t  pKiA = 6.363 -0.522 and k '  = 0.0344 - 0.0084 

1-1. The second d i s s o c i a t i o n  c o n s t a n t  of c a r b o n i c  a c i d  (K ) f o r  e s t i m a t i n g  
-2 

2 A 

C 0 3  
c o n c e n t r a t i o n  w a s  t aken  as pK' = 10.329 + 0  .O348 u c a l c u l a t e d  2A 

from t h e  d a t a  of Harned and Sholes  (5 ) .  The p a r t i a l  p r e s s u r e  of CO 
2 

was o b t a i n e d  £ram t h e  b a r o m e t r i c  p r e s s u r e  and gas  composi t ion w i t h  

s u i t a b l e  c o r r e c t i o n  f o r  t h e  vapor  p r e s s u r e  of wa te r .  A c t i v i t y  coef-  

f i c i e n t s  were d e r i v e d  from t h e  Debye-Hifckel t h e o r y  

u s i n g  t h e  a p p r o p r i a t e  v a l u e s  f o r  t h e  c o n s t a n t s  A, a ,  and B t a b u l a t e d  

by K i e l l a n d  ( 6 ) .  

RESULTS AND DISCUSSION: 

CaCO -C02 System. The b a s i c  d a t a  n e c e s s a r y  f o r  e s t i m a t i n g  t h e  3 
d i f f e r e n t  e q u i l i b r i u m  c o n s t a n t s  which i n c l u d e s  t h e  GO, gas  compos i t ion ,  

2 
pH, t o t a l  Ca, Ca a c t i v i t y  and t h e  p r e s s u r e  of CO -N m i x t u r e  a r e  L i s t e d  

2 2 
i n  Table  1. 

The v a r i o u s  pa ramete rs  were c a l c u l a t e d  by an i t e r a t i o n  t e c h n i q u e .  

S i n c e  t h e  c o n c e n t r a t i o n s  of t h e  d i f f e r e n t  i o n i c  s p e c i e s  were u n a v a i l a b l e  

a t  t h e  s t a r t  f o r  d e t e r m i n i n g  t h e  i o n i c  s t r e n g t h  and l i k e w i s e  t h e  a c t i v i t y  

c o e f f i c i e n t s ,  t h e  i n i t i a l  i o n i c  s t r e n g t h  was t aken  a s  3[Ca 1 .  The 
T  

components making up e q u a t i o n s  (5) and (6) were c a l c u l a t e d  based on 

t h i s  i n i t i a l  p and t h e  o r i g i n a l  d a t a .  The comparison f i t t e d  e q u a t i o n  
'+ 

( 5 ) ,  b u t  n o t  e q u a t i o n  (6) i n d i c a t i n g  t h a t  t h e  s p e c i e s  caC2, CaHC03, 

and C ~ C O '  were p r e s e n t  i n  s o l u t i o n  and t h a t  Ca(HC0 )O w a s  a b s e n t .  
3  3 2 

From t h e  s l o p e  and i n t e r c e p t ,  K, and K, were c a l c u l a t e d .  Using t h e  
+ I L 

K and K c o n s t a n t s ,  [CaHCO ] and [ c ~ c o ~ ]  were e s t i m a t e d  and a  b e t t e r  1 2 3  3  
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1-2 i o n i c  s t r e n g t h  func t ion  was der ived based on the  r e l a t i o n  p = (4[Ca 1 
C 

-I- [HCO;] f [CaHCO31)/2. New y va lues  were then determined and, success-  

i v e l y ,  K and K2. The i t e r a t i o n  process  was cont inued u n t i l  t h e  
1 

4" var ious  f a c t o r s  remained cons t an t ,  The a c t i v i t y  c o e f f i c i e n t  of CaHCO,, 
J 

was assumed t o  be  t h e  same a s  HCO- 
3 ' 

lcaT1 - 
+/ (w') values  from the  The (+2 - 1 )  / [HC031 YC,+2 VS YCaHCO3 

[ c a  I 
f i n a l  i t e r a t i o n  s t e p  a r e  p l o t t e d  i n  F igure  I. K and K2 a r e  0.0564 

7 
1 

4- 0.0025 and (1.245 t 0.056) x 10 , respecLively,  as determined from - 
t h e  i n t e r c e p t  and s l o p e ,  The l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  is 0.911. 

These compare wi th  a  K of 0.0574 + 0.0036 and K2 of 5.886 x 10'  a t  1 
22 C ob ta ined  by c o r r e c t i n g  f o r  t he  a c t i v i t y  c o e f f i c i e n t s  of t h e  va r ious  

i o n i c  spec i e s  from t h e  measurements repor ted  a t  an i o n i c  s t r e n g t h  

of 0.15 a t  22 C by Greenwald ( 3 ) .  The K va lues  of t h e  two methods 
1 

a r e  s i m i l a r ,  whereas t he  K 's a r e  no t .  I n  ~ r e e n w a l d ' s  method ( 3 ) ,  a 
2 

va lue  f o r  K2 had t o  be s e l e c t e d  which w i l l  g ive  K ' s  t h a t  a r e  c o n s i s t e n t  
1 

wirh t h e  experimental  da t a .  However, i n  t h e  t rea tment  repor ted  h e r e ,  

K i s  obtained d i r e c t l y  from t h e  experimental  d a t a  wi thout  any assumption 2 
0 

a s  t o  i t s  va lue .  The Ca(HC03)2 form was absent  i n  our experiments.  

Thus, t h e  i n d i s c r i m i n a t e  use of t h e  formula Ca(HC0 ) f o r  Ca carbonate  3 2 
s o l u t i o n s  is  s u b j e c t  t o  e r r o r .  

The concen t r a t i ons  of t h e  t h r e e  forms of Ca i n  s a t u r a t e d  CaCO 
3 

s o l u t i o n s  i n  equi l ib r ium wi th  d i f f e r e n t  GO, composition a r e  presen ted  
L+ 

i n  Table 2. The r e l a t i o n  among caf2,  CaHCO and C ~ C O '  v a r i e s  wi th  
3; 3  

t h e  CO p a r t i a l  p r e s su re .  The percent  CaHCO i n  s o l u t i o n  decreases  2  3 
from 14.4 t o  3.2 as t h e  C02 concent ra t ion  decreases  from 100 t o  0.54%, 

whereas f o r  C ~ C O '  t h e  concen t r a t i on  i nc reases  from 1 t o  7.7%; a t  t h e  
3 

same time the  amount of CZI'~ changes from 84 t o  89% of the t o t a l  Ca 

i n  s o l u t i o n .  The s i g n i f i c a n c e  of t h i s  type  of r e l a t i o n  a t  atmospheric 

CO p a r t i a l  p r e s s u r e  w i l l  be d i scussed  l a t e r .  2  
Using t h e  experimental  d a t a  a v a i l a b l e ,  t h e  s o l u b i l i t y  product 

of CaC03, KS, was a l s o  ca l cu l a t ed .  The KS va lues  l i s t e d  i n  Table 2 

40-6 
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a r e  comparable w i t h  t h o s e  r e p o r t e d  by Akin and Lagerwerff  (1) and 

F r e a r  and Johns ton  (2)  of 5.0 x and 4.82 x lo-', r e s p e c t i v e l y .  

The c l o s e  agreement between t h e  p r e s e n t  and p r i o r  d a t a  g i v e s  conf idence  

i n  t h e  pH and t o t a l  C a  measurements and t h e  a s s o c i a t e d  paramete rs  

used t o  c a l c u l a t e  K S 
An a d d i t i o n a l  e q u i l i b r i u m  c o n s t a n t  (K,) can be d e r i v e d  f o r  t h e  

'+ 
0 r e l a t i o n  CaC03 = ~ a ' ~  4- c0i2. I n  t h i s  c a s e  K = K K K o r  0.329 4  1 2 2 A  

C a C 1 2  - CO System. K v a l u e s  based on o n l y  pH measurements 
2 1 

of CaCl s o l u t i o n s  ( s e e  e q u a t i o n  8)  i n  e q u i l i b r i u m  w i t h  100% CO a r e  
2  2  

p r e s e n t e d  i n  Tab le  3 f o r  a  s e r i e s  of C a C l  c o n c e n t r a t i o n s .  Over 
2  

t h e  c o n c e n t r a t i o n  range of 0.008 t o  0 .2  M C a C l  t h e  pH change w a s  
2  3 

only  0.10 u n i t .  The need f o r  s e n s i t i v e  pH measurement under t h e s e  

c o n d i t i o n s  is  a p p a r e n t .  The pH v a l u e s  of 3.80 t o  3.90 p r e c l u d e  t h e  
- 2  p r e s e n c e  of s i g n i f i c a n t  amounts of CO i n  s o l u t i o n .  A t e s t  of t h e  
3  

d a t a  u s i n g  e q u a t i o n  (5) showed no  v a l u e  f o r  K i n d i c a t i n g  t h e  absence 
2 ' 

of C ~ C O '  a t  t h e s e  pH's. 3 
The paramete rs  pK k, and y a r e  a11 f u n c t i o n a l l y  dependent 

IA 
upon t h e  i o n i c  s t r e n g t h  of t h e  s o l u t i o n  and,  i f  t h e  p roper  r e l a t i o n  

is used t o  e s t i m a t e  K t h e n  K shou ld  be t h e  same f o r  a l l  i o n i c  s t r e n g t h s .  
1 9 1 

However, column 4  of Tab le  3 ,  shows t h a t  K, v a r i e s  w i t h  u ,  b u t  a  thermo- 

dynamic K can b e  e s t i m a t e d  by 1 
The l i n e a r  r e g r e s s i o n  e q u a t i o n  

+ 0.0779 p; t h e  K1 at p = 0  i s  

w i t h  t h e  K1 of 0.0564 t 0.0025 

I 

t h e  e x t r a p o l a t i o n  of t h e  d a t a  t o  11 = 0. 

f i t t i n g  t h e  r e s u l t s  i s  K '  = 0.0539 
1 

0.0539 f 0.0034 and compares f a v o r a b l y  

determined by t h e  combination pH-pCa 

measurement f o r  t h e  CaCO -CO system. Comparison of e q u a t i o n s  (5) 
3 2  

and (8)  show t h a t  t h e r e  is less e r r o r  s o u r c e s  due t o  i o n  a c t i v i t y  

measurements i n  e q u a t i o n  ( 5 )  t h a n  (8), n o t i n g  t h a t  [HCO;] must be 

e s t i m a t e d  from t h e  pH. Thus, t h e  pH-pCa method shou ld  t h e o r e t i c a l l y  

g i v e  a  more r e l i a b l e  e s t i m a t e  of K1. Also a  wider  pH range was covered 

i n  t h e  CaCO -GO t h a n  t h e  CaC12-C02 system.  
3  2  
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Sa tu ra t ed  CaCO under atmospheric CO condi t ion  of 350 ppm C02 
3 2 3.2 

had a  pH of 8.331, [Ca,] of 5.84 x 10'~ M ,  and (Ca ) of 3.80 x 

M. Using t h e  equi l ib r ium cons t an t s  developed prev ious ly ,  the  
0 

concent ra t ion  of C~HCO' CaC03, and caf2 was 0.07 x l oM4 ,  1.22 x 
3 

and 4.55 x M, r e spec t ive ly .  Thus, we s e e  t h a t  only 78% 

of t h e  t o t a l  Ca is  i n  t h e  i o n i c  Caf2 form, whereas t he  remaining 22% 

is made up p r i m a r i l y  of t h e  C ~ C O ~  ion-pa i r .  Fu r the r  s tudy  of t h e  

d a t a  and equa t ions  i n d i c a t e s  t h a t  r a i s i n g  t h e  pH, which reduces t h e  
-2 

[Cay], w i l l  a l s o  i n c r e a s e  t h e  C ~ C O '  spec i e s .  The C03 concen t r a t i on  
3 

was 1.56 x low5 compared t o  t h e  C ~ C O ~  of 1.22 x M showing t h a t  

a l a r g e  p ropor t i on  of t h e  t o t a l  C O - ~  is t i e d  up a s  t h e  ion-pa i r ,  and 
3 

p a r t  of t h e  b u f f e r i n g  ac t i on -  is due t o  t h i s  type of a s s o c i a t i o n .  Pn ' + 
t h e  case  of t he  CaHCO -EGO- r e l a t i o n ,  t h e r e  is  0.07 x M CaHC03 3 3 
and 1.09 x M HCO- i n d i c a t i n g  t h a t  only a  sma l l  p a r t  of t h e  b i ca rbona te  

3  
is  t i e d  up a s  t he  Ca complex. 

I t  was r epo r t ed  e a r l i e r  i n  t he  s a t u r a t e d  CaSO system (7) t h a t  
4 

76% of t he  t o t a l  Ca i n  s o l u t i o n  was Caf2 and t h e  remaining 24% was 
0 

i n  t h e  form of t h e  ion-pa i r  CaSO A s  was noted i n  the  l i t e r a t u r e  
4' 

review s e c t i o n ,  workers have taken  t h i s  l im i t ed  d i s s o c i a t i o n  f o r  CaSO 
4 

i n t o  account ,  bu t  n o t  f o r  t h e  CaCO system. I t  i s  apparen t ,  t h e r e f o r e ,  
3  

t h a t  exchange s t u d i e s  i n  t h e  presence of CaCO should t ake  i n t o  account 
3  

t h e  f a c t  t h a t  n o t  a l l  of t h e  Ca i n  s o l u t i o n  is i n  t h e  ~ a + ~  form. 

The use of t h e  Ca-electrode d i r e c t l y  i n  ca lcareous  so i l -water  

system p r e s e n t s  c e r t a i n  d i f f i c u l t i e s  s i n c e  t h e  e l e c t r o d e  i s  a l s o  respons ive  

t o  o t h e r  d i v a l e n t  and monovalent ca t i ons  and unless  t h e  e l e c t r o l y t e  

cond i t i on  is known and t h e  proper  c o r r e c t i o n  made f o r  i t ,  t h e  Ca a c t i v i t y  

measured may be  erroneous.  Never the less ,  t h e  equ i l i b r ium cons t an t s  

determined on t h e  b e t t e r  def ined  CaCO system a s  presen ted  above should 
3 

be a p p l i c a b l e  t o  t h e  more complex s o i l  s o l u t i o n .  

SUMMARY AND CONCLUSIONS: 

Simultaneous H- and Ca-ion a c t i v i t y  measurements were made t o  

determine the  forms of Ca and t h e i r  a s soc i a t ed  equi l ib r ium c o n s t a n t s  
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i n  s a t u r a t e d  CaCO s o l u t i o n .  The c o n s t a n t s  r e l a t e d  t o  each of t h e  
3  

+2 s p e c i e s  a r e  K = 0.0564 + 0.0025 f o r  t h e  r e l a t i o n  C~HCO: = Ca + HCO;, 1 
f + K2 = (1.245 + 0.056) x l o 7  f o r  C ~ C O ~  + H = CaHC03, and K4 = 0.329 

i-2 
x f o r  C ~ C O '  = Ca + ~ 0 ; ~ .  

3  
I n  s a t u r a t e d  CaCO, s o l u t i o n  under p a r t i a l  p r e s s u r e  c o n d i t i o n  

3 

resembling t h a t  of a tmospher ic  CO of 350 ppm C02, t h e  ~ a ' ~  form 2  
makes up about  80% of t h e  t o t a l  Ca i n  s o l u t i o n ;  t h e  remaining 20% 

+ 0 
is  made up of t h e  C ~ C O '  and CaHCO. s p e c i e s ,  w i t h  t h e  C a C O  predominat ing 

+ 3  3 3  
over  t h e  CaHCO form. Under t h e s e  c o n d i t i o n s  s u i t a b l e  c o r r e c t i o n  

3  
must be  employed t o  g e t  t h e  a c t u a l  ~ a + ~  c o n c e n t r a t i o n  when t h e  Ca 

a c t i v i t y  cannot  be measured d i r e c t l y .  
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Table 1. pH, t o t a l  Ca, and C a  a c t i v i t y  f o r  s a t u r a t e d  CaCO s o l u t i o n  i n  equ i l i b r ium w i t h  
3 

var ious  CO gas  camposi t ions . 
2 

CO comp. 
2 pH [ca,], M ( ~ a + ~ )  , M CO 2 -N 2 p r e s s u r e  

z lo3 lo3  a t m  

100 6.005 + 0.007 8.72 2 0.13 4.24 + 0.20 0.9266 2 0.0044 
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Table 2 .  Concent ra t ion  of the d i f f e r e n t  f o m s  of Ca i n  s a t u r a t e d  CaCO a t  
3 

v a r i o u s  CO gas compositions.  
2 

+2 
[Ca 1 ,  M 
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Table  3.  K and pH v a l u e s  f o r  CaCl s o l u t i o n s  i n  e q u i l i b r i u m  w i t h  1 2 
approx imate ly  100% CO gas  compos i t ion .  

2 

CaC12, M PH CO -N p r e s s .  2 2 K1 

atm 
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F i g u r e  1. P l o t  of exper imenta l  d a t a  t e s t i n g  e q u a t i o n  (5) f o r  e s t i i n a t i n g  K and K (see t e x t ) .  
1 2 Annual Report of the U.S. Water Conservation Laboratory



TITLE : MATERIALS AND METHODS FOR WATER HARVESTING AND 

WATER STORAGE I N  THE STATE OF fIAWAII 

LINE PROJECT: SWC W 7  gG-4 CODE NO, : Ariz ,-WCL-42 

INTRODUCTION: 

A d e s c r i p t i o n  of the  i n s t a l l a t i o n s  i s  given i n  previous annual 

r e p o r t s ,  The da t a  c o l l e c t e d  a t  t he  two s i t e s  by coopera tors  was 

forwarded monthly t o  t he  U ,  S ,  Water Conservation Laboratory f o r  

a n a l y s i s ,  I n  March 1967 both s i t e s  were v i s i t e d  by Laboratory 

personnel ,  The Maui i n s t a l l a t i o n  was v i s i t e d  aga in  i n  December 

1967, 

PROCEDURE : 

See Annual Report f o r  1966, 

RESULTS AND DISCUSSION: 

Kukaiau Catchment, The s to rage  r e s e r v o i r  a t  t h i s  catchment 

was completely f i l l e d  wi th  water by the end of 1966, In January 

1967, a f t e r  heavy r a i n s ,  seepage water from the a r e a  around the  

pond c o l l e c t e d  under t h e  l i n i n g  causing the  shee t ing  t o  bal-Loon 

upwards. Af te r  t h e  water  under t hc  l i n i n g  subsided t h e  shee t ing  

s e t t l e d  back i n t o  p lace  and appeared t o  be i n t a c t ,  Water from the 

r e s e r v o i r  was used throughout t he  year  f o r  l i v e s t o c k  and was a l s o  

piped s e v e r a l  mi les  downslope t o  o the r  pas tu re s .  With r e l a t i v e l y  

heavy u s e  t h e  r e s e r v o i r  remained e s s e n t i a l l y  f u l l  the  e n t i r e  year .  

From the period 1 January 1967 through 31 December 1967, 2879-6 mm 

of r a i n f a l l  was recorded,  A t o t a l  of 914,4 mm f e l l  i n  November 

1967 with over 292,l  mm i n  one day, The water c o l l e c t e d  by the  

catchment and r e s e r v o i r  by months i s  presented i n  Table 1, A - 

t o t a l  of over 7 m i l l i o n  l i t e r s  of water was c o l l e c t e d  Prom t h e  

combined catchment and r e s e r v o i r  during the  yea r ,  There has been 

no r e p o r t  of any damage t o  t h e  s h e e ~ i n g  on the  catchment, 

Maui Catchments. In February 1967 a r epo r t  was received of 

l ap  j o i n t  f a i l u r e s  on P l o t  No, 1, which i s  covered wiLh Lhe Hypalon 
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shee t ings .  The seams were r epa i r ed  wi th  a  solvent-hypalon cement 

and when inspec ted  i n  March 1967, appeared t o  be  hold ing  s a t i s f a c -  

t o r i l y .  

On P l o t  No. 2  covered wi th  bu ty l ,  some of the  seams were begin- 

n ing  t o  f o l d  back when inspected i n  March 1967, A b u t y l  tape  had 

been used t o  pa tch  wrinkled a r e a s  i n  t h e  seams a t  time of i n s t a l l a t i o n ,  

This tape had pul led  a p a r t  and some g ra s s  had rooted through, These 

a r e a s  were subsequent ly r epa i r ed  wi th  su r f ace  pa tches ,  

The a s p h a l t  on P l o t  No, 3 was spongy when inspec ted  i n  March 

1967. There was no s e r i o u s  c racking  but  s e v e r a l  rough spo t s  were 

de t ec t ed ,  There was a  heavy cover of g ra s s  on the p l o t  a t  the  

edges, Some g r a s s  was roo t ing  through from above and some may have 

been coming up from below. Some of the g ra s s  appeared t o  havc grown 

from seed depos i ted  on the  p l o t  su r f ace ,  The g ra s s  on the  p l o t  was 

removed and the  rough spo t s  hand t r e a t e d  with a s p h a l t ,  The p l o t s  

were a l l  considered i n  e x c e l l e n t  cond i t i on  when inspected i n  December 

1967, 

Runoff d a t a  c o l l e c t e d  from the p l o t s  was not  compleLe f o r  t h e  

year .  The c locks  on the  recorders  would no t  always s t a r t  when 

water s t a r t e d  f lowing through the  Elumes, Correspondence with the  

manufacturer of t h e  c locks  ind ica t ed  i t  was no t  poss ib l e  to i n su re  

s t a r t i n g  of t he  c locks ,  The problem appears t o  bc solved with the  

cons t ruc t ion  of s p e c i a l  c locks  a t  t he  Laboratory, Ca l ib ra t ion  of the 

c locks  i n d i c a t e  a  time s c a l e  e r r o r  of l e s s  than 2 2% f o r  a  24 hour 

time period,  These u n i t s  have not  had a  s t a r t  1nil .ure i n  T O O 0  s top-  

s t a r t  cyc l e s  i n  t he  Laboratory. These new c locks  w i l l  be i n s t a l l e d  

e a r l y  i n  1968. 

Prel iminary a n a l y s i s  of t h e  runoff d a t a  c o l l e c t e d  has been 

s t a r t e d .  Some t y p i c a l  runoff d a t a  a r e  presented i n  Table 2 ,  For 

t h e  week of 24 January 1967 a  t o t a l  of 32,9 mm of r a i n  was c o l l e c t e d  

wi th  28 , l  rnm i n  one storm, For t he  week the  b u t y l  c o l l e c t e d  81,5%, 
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t h e  a s p h a l t  7 7 . 2 b n d  t h e  g r a s s  17.0% of t h e  r a i n f a l l .  The b u t y l  d i d  

c o l l e c t  over  100% of t h e  r a i n f a l l  f o r  one s to rm of 1,s mm. The r e a s o n  

f o r  t h e  r e l a t i v e l y  poor runof f  e f f i c i e n c y  of t h e  bu ty l  f o r  t h e  weekly 

t o t a l  i s  n o t  comple te ly  known, b u t  i t  i s  s u s p e c t e d  t h a t  r e c o r d e r  mal- 

f u n c t i o n s  caused e r roneous  runof f  measurement, The runof f  measured 

from t h e  g r a s s  p l o t  i s  c o n s i d e r a b l y  h i g h e r  than was expec ted ,  During 

t h e  week of 20 March 1967, w i t h  a  t o t a l  of 268.5 mm of r a i n ,  t h e  g r a s s  

p l o t  y i e l d e d  143.3 mm f o r  a  53% runof f  e f f i c i e n c y ,  The r e c o r d e r s  f o r  

t h e  b u t y l  and a s p h a l t  p l o t s  f a i l e d  t o  o p e r a t e  f o r  t h i s  p e r i o d ,  

SUMNARY AND CONCLUSIONS : 

The Lwo e x p e r i m e n t a l  wa te r  h a r v e s t i n g  s t r u c t u r e s  i n s t a l l e d  i n  

Hawaii i n  June  1966 were i n  e x c e l l e n t  c o n d i t i o n  a s  of December 1967, 

The o p e r a t i o n a l  catchment and s t o r a g e  r e s e r v o i r  combinat ion on t h e  

I s l a n d  of Hawaii has  been i n  f u l l  u s e  t h e  e n t i r e  y e a r ,  The r a i n f a l l  

a t  t h e  s i t e  h a s  been s u f f i c i e n t  t o  keep t h e  r e s e r v o i r  e s s e n t i a l l y  

f u l l  even w i t h  r e l a t i v e l y  h i g h  wate r  u s e ,  Water c o l l e c t i o n  f o r  t h e  

y e a r  t o t a l l e d  over  7  m i l l i o n  l i t e r s ,  

P r e l i m i n a r y  a n a l y s i s  of t h e  runof f  d a t a  from t h e  f o u r  p l o t  t e s t  

u n i t s  on t h e  I s l a n d  of Maui h a s  been s t a r t e d ,  The d a t a  from t h e  

p l o t s  i s  incomplete  because  of f r e q u e n t  f a i l u r e  of t h e  w a t e r s t a g e  

r e c o r d e r  c l o c k s  t o  s t a r t  when w a t e r  began f lowing  through t h e  f lumes.  

New improved c l o c k s  have been b u i l t  and t e s t e d  and w i l l  be  i n s t a l l e d  

e a r l y  i n  1968, P r e l i m i n a r y  c a l c u l a t i o n s  show t h a t  f o r  one week w i t h  

32.9 mm of r a i n  t h e  b u t y l  c o l l e c t e d  81,5%, t h e  a s p h a l t  77,2% and t h e  

g r a s s  l7 ,0% of t h e  r a i n f a l l .  These f i g u r e s  a r e  b e l i e v e d  t o  be  low 

because  of measurement e r r o r s  caused by r e c o r d e r  m a l f u n c t i o n s ,  The 

runof f  from t h e  g r a s s  p l o t  i s  c o n s i d e r a b l y  h i g h e r  than expec ted ,  

For one weekly p e r i o d  i n  March 1967 w i t h  a  t o t a l  01 268,5 mm of r a i n ,  

t h e  g r a s s  p l o t  y i e l d e d  143,3 mm of r u n o f f .  

PERSONNEL: Lloyd E, Myers and Gary W, F r a s i e r  
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Table 1, Quant i ty  of water c o l l e c t e d  by catchment and r e s e r v o i r  

a t  Kukaiau catchment,  

Jan 67 

Feb 67 

Mar 67 

Apr 67 

May 67 

Sun 61 

S u l  67 

Aug 67 

Sep 67 

Oct 67 

Nov 67 

Dec 67 
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Table 2, Runoff r e s u l t s  P r o m  ra infa l .1  a t  Maui, Hawaii p l o t s ,  

S t a r t i n g  
Date 

24 Jan  67 
I I 

Tota l  

20 Mar 67 

-- 

Rainf a  11 
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TITLE : INTEGMTTNG WLOCI 

L I E  PROJECT: SWC W l O  gG-7 NO. : Ariz,-WCL-43 

INTiRODUCTZON: 

See Annual Repor t  Eor 1966. 

Three  s t y l e s  of m e t e r s  have been c o n s t r u c t e d ,  These a r e  shown 

i n  F i g u r e  1. Meters  Paumber 1 and 2 have been t e s t e d  and t h e  r e s u l t s  

p r e v i o u s l y  r e p o r t e d ,  

PROCEDUI1E : 

The d e s i r e  t o  have a  d i r e c t  d i s c h a r g e - r a t e  i n d i c a t i n g  d e v i c e  

i n  a  channe l  r a t h e r  t h a n  a  v e l o c i t y  indicating mechanism i n s p i r e d  

t h e  d e s i g n  of Meter Mumber 3 .  This  meter  was des igned  t o  e a s i l y  

a c c e p t  a  number of shaped e lements  f o r  i n d i c a t i o n  of d i s c h a r g e  as  

w e l l  a s  i n d i c a t i o n  of v e l o c i t y ,  It c o n s i s t e d  of a  v e r t i c a l  s h a f t  

mounted i n  b a l l  b e a r i n g s  and a  c r o s s b a r  t o  which a n  e lement  could  be 

a t t a c h e d .  The r e a d o u t  was accomplished w i t h  a  d i a l  t h a t  was aL- 

Cached t o  a  t o r s i o n  mechanism made from a  c lock  s p r i n g  which i n  t t l rn  

main ta ined  t h e  s h a f t ,  b a r ,  and element i n  t h e  c o r r e c t  p o s i t i o n ,  A 

c e r t a i n  amount of f l e x i b i l i t y  i n  magnitude o f  t h e  readout  was ach ieved  

by t h e  p o s i t i o n  of t h e  element on t h e  c r o s s b a r .  Moment arms from 

a b o u t  2 i n c h e s  t o  5 i n c h e s  cou ld  e a s i l y  be ach ieved  by moving t h e  

e lement  a l o n g  t h e  b a r ,  The coun te rweigh t ,  b u i l t  i n t o  a i l  t h e  mete r s  

,b~as  n e c e s s a r y  t o  p r e v e n t  t h e  weight of t h e  e lements  Erom i n f l u e n c i n g  

t h e  readout  i n  t h e  even t  t h a t  t h e  d e v i c e  w a s  p o s i t i o n e d  s l i g h t l y  o u t  

o f  plumb. T h i s  i s  e s p e c i a l l y  impor tan t  i f  t h e  d e v i c e  i s  t o  be  hand 

he Ld i n  f i e l d  app l i c a  t i o n s ,  

Two l a b o r a t o r y  channe l s  were a v a i l a b l e  f o r  sLudying t h e  c h a r a c t e r -  

i s t i c s  o f  t h e  t a r g e t  m e t e r s  des igned  f o r  open channe l  f l a w s ,  One 

channe l  was 1 f o o t  wide, w i t h  about  20 Leet between t h e  i n f l o w  s t ~ l l i n g  

b a r l ' l e s  and t h e  t e s t  s e c t i o n  used f o r  t h e  t a r g e t  ne te rs ,  The o t h e r  

was 2 f e e t  wide w i t h  12  f e e t  between t h e  b a f f l e s  and r h e  t e s t  s e c t i o n ,  

Both channe l s  were coo short. LO produce t h e  h i g h l y  s t a b l e  v e l o c i t y  

p r o f i l e s  t h a t  were d e s i r e d  ior t h e  s t ~ d y .  
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The t e s t s  c o n s i s t e d  o f  measur ing t h e  veLoc i ty  p r o f i l e  w i t h  t h e  

p i c o t  Cube and manometer sysLem a l r e a d y  d e s c r i b e d  i n  a n  e a r l i e t  

p u b l i c a t i o n  2)- The t a r g e t  meter  was t h e n  i n s e r t e d  i n t o  t h e  f low 

a t  approx imate ly  t h e  same l o c a t i o n  ntld t h e  f o r c e  on t h e  b l a d e  measured, 

e  p i t o t  t r a v e r s e  d a t a  w a s  used t o  e v a l u a t e  t h e  d r a g  

c o e f f i c i e n t ,  Knowledge of t h e  v a l u e  of t h e  momentum c o r r e c t i o n  f a c t o r  

i s  avoided i n  de te rmin ing  t h e  d r a g  c o e f f i c i e n t  by t h e  method s i n c e  

i t s  i n c l u s i o n  i s  accomplished by eva u a t i n g  t h e  t h e o r e t i c a l  r e l a t i o n  

e e  Annual Report  f o r  1966 

Once a n  element has  been designed f o r  a  g iven  channel  u s i n g  t h e  

concep t s  advanced i n  t h e  Annual Report  f o r  1966, t h e  d i s c h a r g e  

e q u a t i o n  becomes 

where: 

g  = g r a v i t a t i o n a l  c o n s t a n t  

F = t h e  t o t a l  d r a g  f o r c e  

C = a  d r a g  c o e f f i c i e n t  

y = u n i t  weight  of f l u i d  

p = momentum c o r r e c t i o n  f a c t o r  

k = a  c o n s t a n t  r e p r e s e n t i n g  t h e  r a t i o  beeween A /A 2 
e  c  

Ae = a r e a  of element o r  b a d e  exposed t o  t h e  f low 

Ac  = c r o s s - s e c t i o n a l  area of t h e  channe l  

Note t h a t  t h e  dep th ,  y, does n o t  appear  i n  t h i s  e q u a t i o n ,  Thus, - 

Q i s  independent  o f  f l o w  d e p t h ,  

t i s  p laced  i n  a 

uniform v e l o c i t y  distribution, t h e n  t h e  p r e v i o u s l y  d e r i v e d  e q u a t i o n s  

shou ld  p r e d i c t  t h e  c o r r e c t  v e l o c i r y  o r  d i s c h a r g e ,  r e s p e c t i v e l y ,  w i e L  
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(3 = 1. However, r e a l  s h e e t  f lows produce nonuniform v e l o c i t y  d i s -  

t r i b u t i o n s  i n  a t  l e a s t  two dimensions ,  and i n  t h e  b a s e  of most chan- 

n e l s ,  t h r e e  dimensions ,  

For  t h e  r e c t a n g u l a r  b l a d e ,  used a s  a  v e l o c i t y  i n d i c a t o r ,  a n  

a c c u r a t e  p r e d i c t i o n  can be  o b t a i n e d  f o r  t h e  a v e r a g e  v e l o c i t y  i n  t h e  

v e r t i c a l  s e c t i o n  sampled by a p p l y i n g  t h e  momentum c o r r e c t i o n  f a c t o r  

d e f i n e d  p r e v i o u s l y ,  s e e  Annual e p o r t ,  1966, owever, a  m o d i f i c a t i o n  

i s  r e q u i r e d  t o  t h i s  d e l i n i t i o n  f o r  t h e  shaped b l a d e s  used a s  d i s -  

c h a r g e  i n d i c a t o r s ,  ake ,  f o r  example, t h e  t r i a n g u l a r  b l a d e  used 

f o r  d i s c h a r g e  i n d i c a t i o n  i n  r e c t a n g u l a r  channe l s  and s h e e t  f lows ,  

S i n c e  t h e  t h e o r e t i c a l  r e l a t i o n  f o r  d i s c  a r g e  i s  based on t h e  average  

v e l o c i t y  i n  t h e  s t ream,  o r  i n  t h e  c a s e  o f  s h e e t  f lows,  i n  a  v e r t i c a l  

s e c t i o n ,  t h e  momentum c o r r e c t i o n  f a c t o r  used w i t h  t h e  t r i a n g u l a r  

b l a d e  sampling a  t u r b u l e n t  v e l o c i t y  p r o f i l e  shou ld  be based on t h e  

a v e r a g e  v e l o c i t y  i n  t h e  v e r t i c a l  s e c t i o n  and n o t  on t h e  average  

v e l o c i t y  over  t h e  s u r f a c e  of t h e  t r i a n g u l a r  b l a d e ,  T h i s  would modify 

t h e  d e f i n i t i o n  of t h e  momentum c o r r e c t i o n  c o e f f i c i e n t  t o  

where i s  t h e  a v e r a g e  v e l o c i t y  i n  t h e  v e r t i c a l  s e c t i o n  sampled, 
v  

n o t  t h e  a v e r a g e  v e l o c i t y  over  t h e  a r e a  of t h e  b l a d e ,  and u  i s  tlie 

l o c a l  v e l o c i t y  i n  t h e  d i r e c t i o n  of main [low, The v a l u e  p '  w i l l  b c  

approx imate ly  10 t o  15% h i g h e r  t h a n  t h e  g e n e r a l l y  recognizecl v a l u e s  

f o r  f3 because  t h e  t r i a n g u l a r  b l a d e  undersamples t h e  low-ve loc i ty  

r e g i o n  n e a r  t h e  bottom and e x a g g e r a t e s  t h e  e f f e c t s  of t h e  high-  

v e l o c i t y  n e a r  t h e  s u r f a c e ,  hus t h e  theoretical e q u a ~ i o n  would be 

more c o r r e c t l y  w r i t t e n  as 
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A f u r t h e r  ad jus tment  i s  s e e n  t o  be n e c e s s a r y  f o r  channe l s  t o  

account  f o r  t h e  th ree -d imens iona l  e f f e c t  o f  t h e  v e l o c i t y  p r o f i l e ,  

C a l c u l a t i o n s  based on t h e  a z e n  d a t a  ( I  i n d i c a t e  t h a t  t h e  a v e r a g e  

v e l o c i t y  i n  t h e  c e n t e r l i n e  p r o f i l e  of r e c t a n g u l a r  channe l s  i s  ap- 

p rox imate ly  8% h i g h e r  t h a n  t h e  channe l  a v e r a g e  f o r  wood p lank  o r  

smooth channe l s  and a b o u t  17% h i g h e r  f o r  rough channe l s  l i n e d  w i t h  

pea g r a v e l  and w i t h  wooden s t r i p s  a t  i n t e r v a l s ,  The a s p e c t  r a t i o s ,  

w i d t h  t o  dep th ,  o f  t h e  r e c t a n g u l a r  c h a n n e l s ;  t h e  t y p e  of roughness 

e lements ;  and t h e  comparison of t h e  a v e r a g e  v e l o c i t y  i n  t h e  channel  
- 

c e n t e r l i n e  p r o f i l e ,  v  w i t h  t h e  a v e r a g e  v e l o c i t y  i n  t h e  channe l ,  v, v 3  
a r e  shown i n  T a b l e  1, 

Unl ike  t h e  c o r r e c t i o n  made t o  o b t a i n  P', t h i s  c o r r e c t i o n  i s  n o t  

due t o  b l a d e  geometry, bu t  i s  a  f u n c t i o n  of t h e  channe l  and shou ld  

be  t r e a t e d  a s  a c a l i b r a t i o n  c o e f f i c i e n t  C . Thus, e q u a t i o n  (3) 
c 

becomes 

The v a l u e  of C f o r  r e c t a n g u l a r  channe l s  t h a t  a r e  wide compared 
C 

t o  t h e  i n s e r t e d  element a p p e a r s  t o  be about  0 , 8 5 ,  based on T a b l e  1, 

Bowever, i f  t h e  e lement  i s  wide compared t o  t h e  wid th  of t h e  channe l ,  

t h e  c e n t e r l i n e  v e l o c i t y  may be  s i g n i f i c a n t l y  decreased  and C may be 
C 

g r e a t e r  than  I ,  F u r t h e r  s t u d i e s  a r e  n e c e s s a r y  t o  e s t a b l i s h  what 

c o n s t i t u t e s  a  narrow e lement ,  

A summary of r e s u l t s  f o r  t h e  t h r e e  mete r s  a r e  t a b u l a t e d  i n  

T a b l e  2 ,  where t h e  t e s t s  a r e  i d e n t i f i e d  by mete r  number and e lement  

shape  (K = r e c t a n g u l a r ,  V = t r i a n g u l a r ) ,  For  example, 3V-1 means 

Meter Number 3, t r i a n g u l a r  b l a d e ,  t e s t  1. 

Annual Report of the U.S. Water Conservation Laboratory



The computed v a l u e s  f o r  f3 ranged from about  1,009 t o  1,042, wi th  

a n  a v e r a g e  v a l u e  of 1,017. Th is  compares w i t h  1.02 f o r  t h e  l i n c d  

channel  c r o s s  s e c t i o n s  r e p o r t e d  by Watts ( 4 ) .  A much l a r g e r  v a r i a t i o n ,  

a s  would be expected,  occur red  w i t h  t h e  d rag  c o e f f i c i e n t ,  The b l a d e s  

des igned  f o r  Meters  umber 1 and 2 had a v e r a g e  d r a g  c o e f f i c i e n t s ,  C, 

of 1.89 and 1 ,85,  r e s p e c t i v e l y ,  w i t h  a  t o t a l  r ange  o f  1 - 8 0  t o  L,96 

f o r  Meter Number 1 and 1 ,75  t o  l , 9 5  f o r  Meter Number 2, The r a n g e  

f o r  t h e  r e c t a n g u l a r  element on Meter Number 3 was 1 - 6 5  t o  1 , 7 5 ,  and 

t h e  a v e r a g e  was 1.72,  The t r i a n g u l a r  element on Meter Number 3 

averaged 1 - 6 8  w i t h  a  range  from 1.64 t o  1 , 7 l ,  

The lower d r a g  c o e f f i c i e n t  determined f o r  Meter Number 3 may 

b e  due t o  i t s  t h i c k n e s s .  A l l  t h e  r e c t a n g u l a r  e lements  were 1 i n c h  

wide, b u t  Numbers 1 and 2 were o n l y  1 /8  inch  t h i c k ,  whereas Number 

3 was 1/4 i n c h  t h i c k ,  Numbers 1 and 3 had t h e  edges  beve led  a t  
0 

45 from t h e  f r o n t  edge of t h e  p l a t e  t o  t h e  r e a r ,  but  Number 2 was 
0 

l e f t  n e a r l y  square-edged w i t h  abou t  3 b e v e l  t o  t h e  r e a r ,  Because 

meter  e lements  Number 1 and 2  had s i m i l a r  d rag  c o e f f i c i e n t s  d e s p i t e  

d i f f e r e n c e s  i n  edge t r e a t m e n t  and Number l and 3 had d i f f e r e n t  d r a g  

c o e f f i c i e n t s  w i t h  s i m i l a r  edge t r e a  ment, t h e  t h i c k n e s s  o f  t h e  e1e- 

ment i s  s u s p e c t e d  t o  be t h e  c a u s e  of the v a r i a t i o n s  i n  t h e  v a l u e s ,  

Elements Number 1 and Number 3 were p laced  i n  a channe l  f low 

and t h e i r  wakes observed ,  The wake behind Number 3 was narrower 

t h a n  t h a t  behind Number 1 and would account  f o r  t h e  lower d r a g  

c o e f f i c i e n t  of e lement  Number 3, The c a u s e  of t h e  narrower  wake 

appeared  t o  be  a  l a c k  of t r u e  s e p a r a t i o n  a t  t h e  edges o f  t h e  e lement ,  

The a b i l i t y  of t h e  t r i a n g u l a r  b lade  t o  f u n c t i o n  a s  a  d i s c h a r g e -  

r a t e  meter  depends s t r o n g l y  on i t s  a b i l i t y  t o  m a i n t a i n  a  c o n s t a n t  

d r a g  c o e f f i c i e n t  a t  a l l  f low d e p t h s ,  I n  t h e  l i m i t e d  t e s t s  r e p o r t e d  

h e r e ,  t h e  s t a n d a r d  d e v i a t i o n  on t h e  d r a g  c o e f f i c i e n t  was 2 1,2%, 

Thus, i t  a p p e a r s  t h a t ,  c o n s i d e r i n g  twice  t h e  s t a n d a r d  d e v i a t i o n  a s  

a c c e p t a b l e  t o l e r a n c e  f o r  a  mete r ,  t h e  accuracy  can be expected t o  
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be  2 2,4%. Comparable v a l u e s  were o b t a i n e d  f o r  t h e  r e c t a n g u l a r  

e lements .  

Labora to ry  f a c i l i t i e s  a r e  be ing  completed t h a t  w i l l  permit  

more d e c i s i v e  t e s t s  of t h e  d i s c h a r g e - i n d i c a t i n g  mete r s ,  i n c l u d i n g  

a n  element des igned f o r  f low i n  c i r c u l a r  p i p e s .  D e f i n i t e  i n f o r m a t i o n  

i s  needed on t h e  d r a g  c h a r a c t e r i s t i c s  of t h e  e lements ,  e s p e c i a l l y  

t h e  e f f e c t s  of element shape  and t h i c k n e s s ,  

A r e p o r t  i n c o r p o r a t i n g  much of  t h e  p r e c e d i n g  work was p r e p a r e d  

and p r e s e n t e d  b e f o r e  t h e  American S o c i e t y  o f  A g r i c u l t u r a l  Engineers  

(3) * 

SIJMYARY AND CONCLUSLONS: 

The o b j e c t i v e s  of t h i s  s t u d y  a r e  t o  develop and  examine com- 

p r e h e n s i v e  d e s i g n  c r i t e r i a  f o r  t h e  s e n s i n g  e lements  o f  f o r c e -  

d e f l e c t i o n ,  o r  t a r g e t ,  me te r s  t h a t  can be  used t o :  (a)  g i v e  a n  

i n t e g r a t e d ,  o r  a v e r a g e ,  v e l o c i t y  i n  a  s h e e t  f low, and (b) i n d i c a t e  

d i s c h a r g e  rate i n  a  wide range  of channe l  geomet r ies ,  independent  

o f  f low d e p t h ,  

The f i r s t  of  t h e s e  o b j e c t i v e s  i s  n o t  t o o  d i f f i c u l t  t o  a c h i e v e ,  

A s e n s i n g  element t h a t  w i l l  r e a c h  from t h e  f low s u r f a c e  t o  t h e  chan- 

n e l  f l o o r  can be used t o  i n d i c a t e  a n  average  v e l o c i t y  i n  t h e  v e r t i c a l  

s e c t i o n  sampled,  Two models o f  a  f o r c e - d e f l e c t i o n - t y p e  meter  have 

been c o n s t r u c t e d  and t e s t e d  f o r  v e l o c i t y  i n d i c a t i o n .  The t o t a l  f o r c e  

e x e r t e d  by t h e  v e l o c i t y  p r o f i l e  on a  1- inch wide b l a d e  r e g i s t e r s  

a s  a  t o r q u e  abou t  a  hinged edge oE t h e  b lade .  

A t h i r d  d e v i c e  has  been des igned  t o  a c c e p t  b l a d e s  o f  v a r i o u s  

shapes  which a r e  n e c e s s a r y  t o  i n d i c a t e  d i s c h a r g e  independent  of f low 

dep th  i n  any open channe l ,  

It i s  concluded t h a t  t a r g e t  m e t e r s  can be des igned  f o r  u s e  i n  

open channel  f lows and s h e e t  f lows ,  They can be  expec ted  t o  have a n  

a c c u r a c y  of abou t  Jr 3%. Also,  e lements  can be shaped t o  i n d i c a t e  

d i s c h a r g e  d i r e c t l y  f o r  a  wide range  o f  channel  shapes ,  independent  
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of f low dep th ,  l i m i t e d  p r i m a r i l y  by t h e  a b i l i t y  t o  p r e d i c t  t h e  

g e n e r a l  t y p e  of v e l o c i t y  p r o f i l e  e x i s t i n g  i n  t h e  flow. 
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Table 1. Comparison of che e f f e c t s  of channel roughness and shape 

on determining the  d ischarge  of a  channel from t h e  cen te r -  

l i n e  v e l o c i t y  p r o f i l e .  

Data source 
v 

width - v Type roughness elements 
depth ; 

- - 

a Bazin S e r i e s  67,  No, 3  1,64 1.083 Smooth, wooden plank 

Bazin S e r i e s  64, No, 2 3.01 1.172 Wood plank with wood 
s t r i p s ,  0.05 nl on c e n t e r  

Bazin S e r i e s  61, No. 4 4.02 1.156 Wood plank wi th  wood 
s t r i p s ,  0 ,01  m on c e n t e r  

Bazin S e r i e s  56, No. 1 4.65 1,210 Pea g rave l  

a  
Bazin, r e f e rence  ( I )  
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Table  2 .  Data used t o  compute c o e f f i c i e n t ,  C .  

- 
Tes t  v Y F a a c 
No. f t / s e c  f t lbs 
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Figure 1. Meters Number 1, 2, and 3 left to right. Meter 

Number 3 has a discharge indicating element attached, 
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F i g u r e  2 ,  Me te r  Number 3 i n  2 - f t  wide  c h a n n e l .  P i t o t  ~ u b c  

i s  o u t  of f l o w  i n  l e I t  background,  
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TITLE : IRRIGATION OUTLET STRUCTURE TO DISTRIBUTE WATER 

ONTO EROSIVE SOILS. 

LINE PROJECT: SWC 10-gG-7 CODE N O . :  Ariz.-WCL-45 

INTRODUCTION : 

For need of s t u d y ,  s e e  Annual Repor t ,  1966. 

OBJECTIVES: 

1, To o b t a i n  d e s i g n  c r i t e r i a  f o r  low-cost  i r r i g a t i o n  ~ u L l e t s  

t h a t  w i l l  d i s t r i b u t e  l a r g e  s t reams  of water  on to  s o i l s  witltout 

e x c e s s i v e  e r o s i o n ,  

PROCEDURE : 

The major a c t i v i t y  o f  t h i s  p r o j e c t  t o  d a t e  h a s  been t o  c o n s t r u c t  

i r r i g a t i o n  o u t l e t s  a t  farm s i t e s  where e r o s i o n  problems e x i s t ,  and t o  

observe  t h e i r  o p e r a t i o n ,  de te rmine  t h e i r  weaknesses,  r e p a i r  o r  recon-  

s t r u c t  them, and observe  a g a i n ,  T h i r t e e n  s t r u c t u r e s  remained from 

t h e  1966 s t u d y  a t  t h e  beg inn ing  of 1967. During t h i s  p a s t  y e a r ,  n i n e  

new s t r u c t u r e s  were b u i l t ,  and s e v e r a l  m o d i f i c a t i o n s  made on t h e  

o r i g i n a l  13,  S t r u c t u r e s  a r e  now i n  o p e r a t i o n  on t h e  fo l lowing  r a n c h e s :  

Woodhouse, Spencer & Spencer ,  C u r r i e ,  Naquin, Cannon, Rnke, and Hensley.  

I n  g e n e r a l ,  t h e  new s t r u c t u r e s  were b u i l t  on s o i l s  g e n e r a l l y  

cons idered  t o  be  non-e ros ive ,  such a s  s i l t s  and c l a y s .  This  expansion 

t o  t h e s e  s o i l  t y p e s  was prompted by t h e  t r e n d  towards t h e  u s e  o f  

l a r g e r  s t reams  of wa te r  t o  minimize l a b o r  requ i rements  which h a s  caused 

a s e r i o u s  problem on even t h e s e  s o i l s .  I n  a d d i t i o n ,  i r r i g a t i n g  wi th  

l a r g e  f low r a t e s  (up t o  7000 g a l .  pe r  min.) r e q u i r e s  u s e  o f  l a r g e r  

c o n c r e t e  t i l e  o u t l e t s ,  n e c e s s i t a t i n g  a  check of t h e  d e s i g n  p r i n c i p l e s  

determined from u s e  of s m a l l e r  t i l e  o u t l e t s .  

Of t h e  f a i l u r e s  observed ,  n o t  a l l  were due t o  d e s i g n  d e f i c i e n c i e s ,  

s i n c e  some of t h e  damage was caused by machinery.  To minimize t h i s  

t y p e  o f  damage, new s t r u c t u r e s  were des igned  wi th  a  step-down apron ,  

and t h e  t h i c k n e s s  of t h e  c o n c r e t e  was i n c r e a s e d  t o  minimize t h e  e f f e c t  

of machine t r a f f i c .  To remove s t r u c t u r e s  f a r t h e r  from t h e  F i e l d ,  a few 

boxes were made by c h i p p i n g  a  f u l l  o r  p a r t i a l  box o u t  of e x i s t i n g  t i l e ,  
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(Sec r l c s c r i p t i o n  o f  C1111 box ~ ~ s e d  i 11 A r i ~ i r ~ a l  lieport , 1 9 0 0 . )  1 1 ,  ) ; t i t~< , ,  , 

o p e r a t i o n a l  l a i l r r r e s  were Llle r e s ~ i l  t of Low s l rou ldcrs ,  s l lc~~i l t lc~rx 1 \ 0 2  

p a r a l l e l  l ~ i t l i  t h e  box l i p ,  s e p a r a  t j m  of apron cons l r  t i cL ion frurr~ l)ctx 

because  of Bermucla g r a s s  p r e s s u r e ,  xncl t h e  o l d  nemesis of t i l e  o ~ t  l e t  

be ing  h i g h e r  than t h e  f i e l d  e l e v a t i o n .  

The success  o f  o l d  s t r u c t u r e s  s t i l l  i n  o p e r a t i o n ,  where the  s ~ c p -  

down d e s i g n  was n o t  used ,  i s  c r e d i t e d  t o  t h e  use of e x c e s s i v e l y  l a r g e  

a p r o n s ,  s m a l l  s t r eams  of w a t e r ,  Uermuda g r a s s  p r o t e c t i o n ,  or  t i l e  

o u t l e t  t i l e  be ing  i n s t a l l e d  wcl l  below t h e  f i e l d  e l e v a t i o n .  

Two new e r o s i o n - p r e v e n t i v e  s t r u c t u r e s  were des igned t o  d i s s i p a t e  

and d i s t r i b u t e  t h e  wa te r  from a  3 - f t - w i d e  j ack  g a t e  on t h e  Woodhouse 

ranch  t h a t  c a r r i e s  approximately  7000 g a l .  pe r  min, 

SUMMARY AND CONCLUSIONS : 

An a p p a r e n t l y  s u c c e s s f u l  i r r i g a t i o n  o u t l e t  s t r u c t u r e  i s  des igned  

a s  a  s q u a r e  c o n c r e t e  box, whose upper l i p  i s  a t t a c h e d  t o  t h e  upper 

h a l f  of an o u t l e t  t i l e ,  which d i s s i p a t e s  and d i r e c t s  t h e  s t r e a m  o f  

water  i n  such a  way t h a t ,  wi th  o t h e r  c o n c r e t e  a t t a c h m e n t s ,  t h e  e r o s i v e  

e f f e c t s  a r e  n e a r l y  exhaus ted ,  Z'liis c o n c l u s i o n  i s  based on tlhe p e r f o r -  

mance of p r e s e n t l y  i n s t a l l e d  s t r u c t u r e s  a t  s e v e r a l  l o c a t i o n s  under 

v a r y i n g  c o n d i t i o n s  o f  u s e ,  

C e r t a i n  o t h e r  s p e c i f i c a t i o n s  a r e  s u g g e s t e d ,  i n  a d d i t i o n  Lo t h e  

p roper  i n s t a l l a t i o n  of t h e  box d i s s i p a t o r .  Concrete  s h o u l d e r s  shodc l  

be extended a t  l e a s t  t o  t h e  foremost  p a r t  of t h e  box and aL l e a s t  t o  

a  h e i g h t  of 8 i n .  ( h i g h e r  i f  t h e  f i e l d  e l e v a t i o n  of wa te r  i s  g r e a t e r ) .  

A l l  aprons  shou ld  be below f i e l d  e l e v a t i o n ,  a t  Leas t  5 i n . ,  e s p e c i a l l y  

i f  i t  i s  n e c e s s a r y  t o  p r o t e c t  them from farm equipment damage. I n  

most c a s e s ,  a 2 - f t - l o n g  apron i s  adequate .  Some of our  s u c c e s s f ~ ~ l  

s t r u c t u r e s  which c a r r y  over  4000 g a l ,  per  min. a r e  l e s s  th;m 5 i t  

wide a c r o s s  t h e  s h o u l d e r s ,  A l l  boxes should be c o n s ~ r u c t e d  w i r r i  

s t e e l  r e in forcement  s o  t h a t  concrece  work a t t a c h e d  ro  t h e  box w i l l .  b e  

s  t a b l e  enough t o  p reven t  l eakage  or  movement by i3ermi:dn grass . 
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Thickness of concre te  should be determined by t h e  ex t en t  and t y p e  of 

machinery damage t o  which i t  w i l l  be  exposed. 

PERSONNEL: Leonard S. E r i e  and John A .  Replogle.  
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TITLE : STUDY OF UNSATURATED TWO-DI NS LONAL SOIL WATER FLOW 

USING AN ANALOG COMPUTER, 

LINE PROJECT: SWC W7 gG-5 CODE N O , :  Ariz.-WCL-46 

INrnODUCTION : 

The ob jec t ives  of t h i s  s tudy on the  two-dimensional flow of water 

i n  s lop ing  land a r e :  

1, To so lve  t h e  s t e a d y - s t a t e  flow problem on the  r e s i s t a n c e  

network analog,  

2. To compare the  r e s u l t s  fo r  s a t u r a t e d  flow w i t h  those of 

published r e s u l t s ,  

3 .  To apply the  analog technique t o  unsa tura ted  cases  f o r  

d i f f e r e n t  r a i n f a l l  r a t e s ,  s lopes,  l engths  of s lope  and s o i l  

m a t e r i a l s ,  

The e l e c t r i c a l  r e s i s t a n c e  network analog i s  p a r t i c u l a r l y  we l l  

s u i t e d  f o r  s t eady- s t a t e  measurements because: (a )  t h e  conduct iv i ty  

o r  i t s  analog, the  r e s i s t a n c e ,  does no t  change w i t h  time, and (b) any 

one problem may be s e t  up quick ly  and the  p o t e n t i a l s  measured d i r e c t l y ,  

PROCEDURE : 

The flow system t o  be considered i s  shown i n  Figure 1. The 

bottom and two ends of the  s o i l  s l a b  a r e  assumed t o  be impermeable, 

The s l a b  i s  i n c l i n e d  by some angle ~u measured i n  r ad i ans .  The 

v e r t i c a l  he ight  o r  depth (z) of the  s l a b  i s  L cm and i t s  l ength  o r  

d i s t ance  (y) i s  aL cm, where "a" i s  a  convenient dimensionless mul t i -  

p l i e r .  The hydraul ic  head (H) re fe rence  l i n e  passes  through z  = L, 

y = 0,  It w i l l  be assumed t h a t  r a i n  (R) o r  s p r i n k l e r  i r r i g a t i o n  has 

been f a l l i n g  on top  of t he  s l a b  long enough f o r  s t e a d y - s t a t e  flow t o  

have been achieved i n  the  s l a b .  The water  t a b l e  thus e s t a b l i s h e d  w i l l  

i n t e r s e c t  the  su r f ace  a t  z  =-I,, y = 
Yo 

The r e s i s t a n c e  network imposed on the system was 10 i n t e r v a l s  
\ 

high and 20 i n t e r v a l s  long, which g ives  a  system of square meshes f o r  

a = 2, but r ec t angu la r  meshes f o r  a  = L O .  The va lue  of L was chosen 
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as  100 cm and "a" was chosen a s  2 and 10,  In  t he  reg ion  bclow the  

water  t ab l e ,  the  r e s i s t a n c e s  were c a l c u l a t e d  according t o  equat ion (1) 

of Bouwer (3),  This  gave a  b a s i c  r e s i s t a n c e  of 200 ohms f o r  a  = 2 

fo r  a  s a t u r a t e d  conduct iv i ty ,  Ks, of 1 cm/day, For a  = 10 the bas i c  

v e r t i c a l  and h o r i z o n t a l  r e s i s t a n c e s  were 400 and 10,000 ohms 

r e spec t ive ly  f o r  t he  same K . 
S 

Bouwer (1) has introduced the concept of a  c r i t i c a l  p ressure  

head, P  The a p p l i c a t i o n  of t h i s  idea  has been shown t o  g ive  
c r  

good agreement w i t h  o ther ,  more complicated K(h) r e l a t i o n s h i p s  

(h i s  the pressure  head) when appl ied t o  cana l  seepage problems 

and t o  l a t e r a l  flow above mildly s loping  water t a b l e s  ( i ) ,  When 

appl ied  t o  t he  present  problem, a  f u r t h e r  s impl i fy ing  assumption 

had t o  be made, In the  reg ion  i n  which the pressure  head was more 

negat ive  than P  a l l  of the  flow was i n  the  v e r t i c a l  d i r e c t i o n ;  
c r  

thus the c o n d u c t i v i t i e s  i n  t h i s  reg ion  a r e  numerical ly  equal  t o  the 

r a i n f a l l  r a t e .  

I n  o rder  t o  t e s t  the P concept aga ins t  another  K(h) r e l a t i o n -  
c r  

sh ip ,  the  formula given by Gardner (4) f o r  a  s o i l  l i k e  Pachappa 

sandy loam was used, This formula, which i s  of t he  form 

was appl ied where h  was l e s s  than -10 cm, using va lues  of a  = 2,7 x  L O  
4 

4 4 3 
cm /day, b = 2.6 x  10 cm and n = 3 ,  These va lues  were choscn so  

t h a t  K would a l s o  be equal  t o  1 cm/day as  was the  case f o r  the systems 
S 

where P  was used. In t h i s  case,  no f u r t h e r  s imp l i fy ing  assumptions 
c r  

have t o  be made about t he  reg ion  of unsa tura ted  flow, 

RESULTS AND DISCUSS ION: 

A convenient comparison between t h i s  method and the  a n a l y t i c  

method used by Klute, e t  a l ,  (5) can be made f o r  s a t u r a t e d  flow, 

One means of comparison i s  by the  f l u x  of water ac ros s  t he  s o i l  
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s u r f a c e ,  Sf one forms the  dimensionless r a t i o  o r  the normal corn- 

ponent of t h i s  s o i l  su r f ace  f l u x  wi th  the s a t u r a t e d  conduct iv i ty  of  

t h e  s o i l  and then d iv ides  t h i s  r a t i o  by s i n  cci the r e s u l t s  a r e  as 

shown i n  Figure 2,  This reduced f l u x  i s  p l o t t e d  Por t he  f u l l  l ength  

of the  s l a b  aga ins t  a reduced length  y/aL,  The r e s u l t s  a r c  fo r  

both a  = 2 and a  = 10. The analog r e s u l t s  agree q u i t e  wel l  with 

t he  a n a l y t i c  s o l u t i o n ,  Where the  r e s u l t s  a r e  negat ive,  the  flow 

i s  i n t o  the s l a b ;  where they a r e  positi.ve, the  flow i s  out of the 

s l a b .  The f a c t  t h a t  the va lues  f o r  a  = 10 l i e  c l o s e r  t o  0 than f o r  

a  = 2 i s  somewhat misleading due t o  the  absc issa ,  y/aL. This f i gu re  

i l l u s t r a t e s  the  f a c t  t h a t  on s h o r t  s lopes  with s a t u r a t e d  flow the re  

i s  only a  small  reg ion  a t  the middle of t he  s lope  where the re  i s  no 

flow i n  o r  out of the s l a b ,  but on the  longer s lopes  t h i s  reg ion  oL 

near zero f l u x  i s  longer ,  

As the r a i n f a l l  r a t e  i s  decreased below t h a t  necessary t o  main- 

t a i n  the water  t a b l e  a t  f i e l d  s u r f a c e  fo r  the e n t i r e  s lope ,  p a r t  o f  

t he  s l a b  w i l l  have negat ive  pressure  heads, The e f f e c t  of t h i s  

decreased r a i n f a l l  r a t e  on the pos i t i on  of the i soba r s  i s  shown i n  

Figure 3 ,  I n  t h i s  f i g u r e  the  s o l i d  l i n e s  a r e  the pos i t i ons  of the 

p a r t i c u l a r  i soba r s  f o r  s a t u r a t e d  condi t ions  and t h e  dashed l i n e s  

a r e  fo r  R = 0,075 cm/day o r  about 12,5% of t h a t  necessary t o  s a t u -  

r a t e  t11is s l ab .  It was assumed t h a t  i n  t h i s  case  the  negat ive 

pressure  heads (about -10 cm o r  l e s s )  were not s u f f i c i e n t  t o  p u l l  

a i r  i n t o  the s o i l  and the  conduct iv i ty  was equal  t o  K everywhere 
S 

i n  the s l a b .  The pos i t i on  of the  water t a b l e  o r  0 cm i soba r  

decreases  a t  the  upper r , h . s ,  w i th  decreased r a i n f a l l  r a t e .  A l l  

of the i soba r s  tend t o  merge, however, a t  t he  l , h , s ,  and wi th  depth 

a t  t h e  r ,h . s .  There i s  only a  small  reg ion  i n  the  upper r . h .  corner  

where the pressure  head i s  l e s s  than - L O  cm, The s o i l  su r f ace  [ lux 

i s  p l o t t e d  aga ins t  pos i t i on  i n  Figure 4 ,  For the smal le r  r a i n f a l l  

r a t e  t he re  is a  zone of cons tan t  f l ux  i n t o  the  s o i l  a t  the r . h ,  

corner ,  then the f l u x  s t a r t s  t o  increase  (become l e s s  nega t ive)  
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u n t i l  i t  becomes pos i t i ve ,  and a t  the lower l , h ,  corner  it  i s  essen-  

t i a l l y  equal  t o  t he  s a t u r a t e d  f l u x ,  The point  a t  which the f l u x  

s t a r t s  t o  i nc rease  from i t s  cons tan t  r a t e  i s  the poin t  Y o r  t h e  
0 

po in t  where the  water  t a b l e  i n t e r s e c t s  the s o i l  su r f ace  i n  Figure 3 ,  

It can a l s o  be seen from comparing the  a reas  under the p o s i t i v e  

por t ions  of the  two curves ( t h i s  a r e a  i s  equal  t o  the t o t a l  flow 

through the s l a b )  t h a t  the a r ea  under the lower r a i n f a l l  r a t e  curve 

i s  l e s s  and t h e r e f o r e  the  t o t a l  flow through the  lower r a i n f a l l  s l a b  

i s  l e s s  than f o r  the s a t u r a t e d  case ,  This would be expecred, This 

f i gu re  a l s o  shows t h a t  even w i t h  r a i n f a l l  r a t e s  l e s s  than enough t o  

s a t u r a t e  a  s o i l  mass, the  " in te r f low" can s t i l l  c o n t r i b u t e  much t o  

runoff .  

The e f f e c t  of i nc reas ing  the angle of s lope  on the  pos i t i ons  

of t he  i soba r s  is  shown i n  Figure 5 ,  For the r e s u l t s  shawn i n  t h i s  

f i gu re ,  both the angle of s lope  and the r a i n f a l l  r a t e  were increased  

over t he  va lues  shown i n  Figures  3 and 4, but  t he  r a i n f a l l  was s t i l l  

only 12,5% of t h a t  necessary t o  s a t u r a t e  the  s l a b ,  The s o l i d  l i n e s  

i n  Figure 5 a r e  the pos i t i ons  of t h e  s p e c i f i e d  i soba r s  where no a i r  

was assumed t o  have en tered  the s l a b ,  As can be seen, va lues  of t he  

pressure  head of l e s s  than -50 cm were measured i n  t he  upper r , h ,  

co rne r ,  I f  i t  was assumed t h a t  a i r  en tered  the s l a b  and the s o i l  

ma te r i a l  had the  same R but d i f f e r e n t  P ' t h e  r e s u l t s  a r e  the 
S cr S y  

dashed l i n e s  i n  the  f i g u r e .  I f  Per was -50 cm then only a  l i t t l e  

p a r t  of the s l a b  was desa tura ted .  I f  P was -10 cm then about a 
c r  

q u a r t e r  of t h e  s l a b  was desa tu ra t ed ,  In the  drained a r e a  the  posi-  

t i o n s  of the i soba r s  va r i ed  depending upon the  P of the mater ia l ,  
C r 

and i n  f a c t  no va lue  of t h e  pressure  head l e s s  than -50 cm was 

measured i n  the  s l a b  w i t h  a  P of -10 cm o r  -30 cm; a t  o r  below 
c r  

t h e  water  t ab l e ,  however, a l l  of the i soba r s  were co inc ident  

r ega rd l e s s  of the  P of the  m a t e r i a l ,  
CT 

The curved i soba r  of -30 cm f o r  a  Per of -10 cm on the r , h , s ,  

of Figure 5 i l l u s t r a t e s  an i n t e r e s t i n g  phenomenon of flow i n  t h i s  
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reg ion .  I f  t he  e q u i p o t e n t i a l s  and s t reaml ines  fo r  t h i s  f i g u r e  were 

p l o t t e d ,  i t  would be observed t h a t  the s t r eaml ines  diverge q u i t e  

r ap id ly  i n  the  upper r . h .  corner  of the  s l a b ,  This i s  due t o  the 

high angle of t i l t  of the s l a b  and the f a c t  t h a t  t he  r , h ,  boundary 

i s  a  s t r eaml ine ,  The divergence of flow can c r e a t e  negat ive pressure  

heads even under s a t u r a t e d  condi t ions .  Eouwer (2)  observed t h i s  

phenomenon below channel bottoms, While t h i s  s i t u a t i o n  ex i s t ed  fo r  

a l l  s lope  angles ,  i t  was de tec ted  only i n  the s t e e p e r  ones,  

As mentioned e a r l i e r ,  i t  was poss ib le  t o  t e s t  the  P concept 
C r 

a g a i n s t  o ther  K(h) r e l a t i o n s h i p s ,  Eouwer (1) found t h a t  Tor t h e  

Gardner-type funct ion,  equat ion ( I ) ,  P should bc about -35 cm, 
C r 

The equ ipo ten t i a l s ,  l i n e s  of cons tan t  13, f o r  the  system shown i n  

Figure 5 a r e  shown i n  Figure 6 ,  The s o l i d  l i n e s  a r e  f o r  the P 
C r 

va lue  of -30 cm and -35 cm, and the dashed l i n e s  a r e  f o r  the  func- 

t i o n  given i n  equat ion (1).  The agreement i s  q u i t e  good and the 

'cr 
of -35 cm gives  a  s l i g h t l y  b e t t e r  f i t  than -30 cm, 

The e f f e c t  of applying the  same r a i n f a l l  r a t e s  t o  d i f f e r e n t  

s lopes  of the same s o i l  ma te r i a l  i s  shown i n  Figure 7 i n  terms of 

the i soba r s .  For u, = 0,8 rad ian  i t  was assumed the ma te r i a l  had 

a  P of -30 cm, s i n c e  as  shown previously,  a  g r e a t  dea l  oE the  
c r  

s l a b  had very negat ive pressure  heads. A t  t h i s  r a i n f a l l  r a t e  very 

l i t t l e  of the s l a b  a t  ~u = 0,05 r ad ian  was under nega t ive  pressure  

head, The nonreduced f l u x  i s  p l o t t e d  aga ins t  pos i t i on  i n  Figure 8 ,  

As the angle of s lope  i s  increased,  the length  of s l a b  wi th  a  

constant  i n f i l t r a t i o n  r a t e  i s  increased,  a s  we l l  a s  the r a t e  of 

flow out  of the  upper l . h ,  corner .  This po in ts  out t h a t  a s  the  

angle oE s lope  increases ,  the increased  r a t e  of outflow due t o  

" interf low" could c o n t r i b u t e  g r e a t l y  t o  downhill e ros ion  due t o  

the  seepage force  of t he  in t e r f low.  

The r e s u l t s  of applying t h e  same r a i n f a l l  r a t e ,  0 , l  cm/min, 

t o  a  longer s lope  a r e  shown i n  Figure 9 i n  terms of the  i s o b a r s ,  

Only i n  the r ,h . s .  a r e  these  r e s u 1 . t ~  (dot ted l i n e s )  d i f f e r e n t  from 
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t h e  s a t u r a t e d  c a s e  ( s o l i d  l i n e s ) .  It appears  t h a t  f o r  sys tems where 

t h e  d e p t h - t o - l e n g t h  r a t i o  becomes L O  o r  g r e a t e r ,  t h e  sys tem a c t s  l i k e  

a  long p ipe  w i t h  s o i l  a t  each end,  This  a g r e e s  w i t h  the  f i n d i n g s  o f  

K l u t e  e t  a l .  (5 ) ,  I n  t h i s  c a s e ,  i n t e r f l o w  can be r a p i d l y  approx i -  

mated i f  t h e  K - p r o f i l e  i s  known, Negative p r e s s u r e  heads were found 

o n l y  i n  t h e  upper r .h .  c o r n e r ,  

SUMMARY AND CONCLUSIONS: 

S t u d i e s  were performed w i t h  a  r e s i s t a n c e  network ana log  t o  

de te rmine  flow systems i n  s l o p i n g  f i e l d s  due t o  s t e a d y  r a i n f a l l .  The 

r e s u l t s  i n d i c a t e  t h a t :  ( a )  a s  t h e  r a i n f a l l  r a t e  d e c r e a s e s  below that 

n e c e s s a r y  t o  s a t u r a t e  t h e  s o i l ,  t h e  symmetry o f  t h e  s o i l  s u r f a c e  

f l u x e s  i s  l o s t ;  (b) a s  t h e  a n g l e  o f  t i l t  i n c r e a s e s ,  t h e  r a i n f a l l  r a t e  

necessa ry  t o  s a t u r a t e  t h e  s o i l  i n c r e a s e s ;  (c)  under  a  f i x e d  r a i n f a l l  

r a t e ,  a s  t h e  a n g l e  o f  t i l t  of a  s o i l  s l a b  i n c r e a s e s ,  t h e  r a t e  oT o u t -  

f low a t  t h e  lower c o r n e r  o f  t h e  sys tem i n c r e a s e s  and t h e  zone o f  

c o n s t a n t  i n f i l t r a t i o n  i n c r e a s e s ;  (d) long t h i n  s o i l  " s l a b s "  a c t  much 

l i k e  long p i p e s  w i t h  s o i l  a t  e a c h  end w i t h  r e s p e c t  t o  e q u i p o t e n t i a l s  

and s o i l  s u r f a c e  f l u x e s ,  e s p e c i a l l y  n e a r  s a t u r a t e d  c o n d i t i o n s  ; ( e )  t h e  

concep t  o f  P and a  s t e p  c o n d u c t i v i t y  f u n c t i o n  seem t o  be a s  good a s  
C r 

more complicated f u n c t i o n s  i n  a n a l y z i n g  such  flow sys tems;  ( f )  t h e  

agreement a t  s a t u r a t e d  flow between t h e  r e s i s t a n c e  network s o l u t i o n  

and a n a l y t i c  s o l u t i o n s  i s  q u i t e  good, The r e s u l t s  i n d i c a t e  t h a t  f o r  

sha l low s l o p e s ,  even under low r a i n f a l l  r a t e s ,  t h e  s o i l  can s t o r e  

c o n s i d e r a b l e  wa te r ,  b u t  f o r  s t e e p e r  s l o p e s  t h e r e  i s  l e s s  s t o r a g e  and 

a  h i g h e r  r a t e  o f  ou t f low a t  t h e  lower end w i t h  g r e a t e r  e r o s i o n  l o s s e s ,  

These f i n d i n g s  should have a p p l i c a t i o n  i n  t e r r a c e  des ign,  r u n o f f  

p r e d i c t i o n ,  e r o s i o n  c o n t r o l ,  and d r a i n a g e  d e s i g n .  
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F i g u r e  1. Schematic diagram of t h c  f l o w  systcm,  
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Figure 2 .  Reduced, dimensionless ,  v e r t i c a l  component of  the  s o i l  

I N  su r f ace  f lux ,  - versus  reduced d i s t ance ,  - Y f o r  
s i n  ui ' aL 

two va lues  of a ,  

Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  3 .  I sobar ,  h, p o s i t i o n s  a s  a  f u n c t i o n  o f  d e p t h  and d i s t a n c e .  

The numbers w i t h  t h e  curves  a r e  t h e  v a l u e s  of t h e  i s o b a r ,  
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Figure  4.  The t o t a l  s o i l  su r f ace  f l u x  versus  d i s t a n c e ,  
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Figure 5. Isobar  pos i t i ons  as  a func t ion  of  depth and d i s t ance ,  

'cr 
va lues  a r e  i nd ica t ed  where the  curves a r e  d i f f e r e n t  

from t h e  s a t u r a t e d  va lue ,  The o t h e r  numbers w i t h  the 

curves a r e  t he  va lues  of the i s o b a r s ,  
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Figure 6 ,  Equipoten t ia l  p o s i t i o n s  a s  a  func t ion  of depth and d i s t ance ,  

The s o l i d  l i n e s  a r e  f o r  t he  ind ica t ed  P va lues  and the 
C r 

dashed Lines a r e  fo r  a  Gardner type conduct iv i ty  funct ion 

f o r  Pachappa sandy loam. The o the r  numbers w i t h  t h e  curves 

a r e  t h e  va lues  of the  e q u i p o t e n t i a l s ,  
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F i g u r e  7 .  I s o b a r  p o s i t i o n s  a s  a  f u n c t i o n  o f  d e p t h  and d i s t a n c e .  

The numbers on t h e  curves  a r e  t h e  v a l u e s  o f  t h e  i s o b a r s .  
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F i g u r e  8, T o t a l  s o i l  s u r f a c e  f l u x  v e r s u s  d i s t a n c e  f o r  t h ree  degrees  

o f  s l o p e .  
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Figure 9, Isobar  p o s i t i o n s  as  a  funct ion of d e p t h  and d l s t a n c r  lor 

a of 10, The numbers on the curves a r e  che values of che  

i s o b a r s ,  
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TITLE : FLOW MEASUKEmNT I N  OPEN C TIT CRITICAL DEPTH 

FLIJEBS 

LINE: PROJECT: SWC Wl0 gG-7 CODE NO.:  Ariz,-WCL-48 

INTRODUCTION: 

See Annual Repor t  f o r  1966. 

PROCEDURE : 

S e v e r a l  f lumes were des igned  and b u i l t  f o r  s p e c i f i c  a p p l i c a t i o n  

on a s s o c i a t e d  p r o j e c t s ,  Most of t h e s e  have been i n  t h e  range  of 
0 

0-10 c f s , w i t h  t r i a n g u l a r  t h r o a t s  n e a r  60 , These flumes have been 

c a l i b r a t e d  i n  t h e  l a b o r a t o r y  and t h e  r e s u l t s  compared w i t h  t h e o r e t i c a l  

e q u a t i o n s ,  Based on t h e  t h e o r e t i c a l  agreement f o r  t h e  e x i s t i n g  
0 

flumes,  a  l a r g e  t r i a n g u l a r  flume w i t h  a  90 - t h r o a t  opening and one 
0 

w i t h  a 50 - t h r o a t  opening were c o n s t r u c t e d  and i n s t a l l e d  on f i e l d  

Locat ions  b u t  were n o t  c a l i b r a t e d .  Some f i e l d - e v a l u a t i o n  d a t a  were 

g a t h e r e d .  Th is  p r i m a r i l y  concerned readout  methods and s i l t a t i o n  

problems. 

RESULTS AND DISCUSSION: 
0 

S e v e r a l  60 flumes made of f i b e r g l a s s  have been c a l i b r a t e d .  

The r e s u l t s  were a s  expec ted ,  a g r e e i n g  w e l l  w i t h  t h e  t h e o r e t i c a l  

c a l c u l a t i o n s .  The observed f r i c t i o n  f a c t o r s  ranged between 0.002 

f t  and 0.010 f t ,  a v e r a g i n g  a b o u t  0.005 f t  f o r  t h e  t e s t e d  f low range  

o f  0.11 f t  t o  1.35 f t  (0.004 c f s  t o  3 c f s ) ,  The f r i c t i o n  f a c t o r  

a s  measured and a s  c a l c u l a t e d  a r e  d i s c u s s e d  i n  a  l a t e r  s e c t i o n ,  I n  

g e n e r a l ,  t h e  f lumes w i l l  be a c c u r a t e  t o  w i t h i n  1%, excep t  a t  low 

f low dep ths  o f  l e s s  than  0 , 2  f t  (approximately  0 ,02 c f s )  t h e  e r r o r  

may approach 3. 4%. 
0 

The s m a l l  60 - t h r o a t e d  flumes s i m i l a r  t o  t h o s c  of Robinson 

( s e e  Annual Repor t ,  1966) were c a l i b r a t e d .  They a l s o  behaved 

a c c o r d i n g  t o  t h e o r e t i c a l  c a l c u l a t i o n s  u n t i l  t h e  d e p t h  of f low i n  

t h e  approach s e c t i o n  reached  a  dep th  o f  abou t  one-ha l f  t h e  t h r o a t  

l e n g t h ,  a t  which t ime  t h e  r a t i n g  d e v i a t e d  s i g n i f i c a n t l y  from 
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t h e o r e t i c a l  p r e d i c t i o n s .  T h i s  emphasizes h he importance  ox p ropcr  

t h r o a t  l e n g t h .  

Based on t h e  r e l a t i v e  s u c c e s s  o f  p r e d i c t i n g  t h e  r a t i n g  curves  
0 

f o r  t h e  60 f lumes,  o t h e r  f lumes were des igned b u t  n o i  c a l i b r a ~ c ~ J ,  
0 

These i n c l u d e d  l a r g e  aluminum flumes w i t h  90 - t h r o a t  openings  capab le  
0 

of  80 c f s  and a  c o n c r e t e  flume w i t h  a  50 - t h r o a t  opening capab le  of  

7 c f s .  Both t h e s e  f lumes have been i n  o p e r a t i o n  i n  t h e  f i e l d  For 

s e v e r a l  months. Both a r e  i n  h i g h  sediment  p roduc ing  a r e a s  and a  

problem has o c c u r r e d  w i t h  s i l t a t i o n  i n  t h e  approach s e c t i o n s  t h a t  

t e n d s  t o  p l u g  t h e  d e p t h  measur ing t a p s .  

Recen t ly ,  t h e  Bureau of  Reclamat ion ( 2 )  has  p ~ i b l i s h ~ d  the 
0 

r e s u l t s  of a  measur ing flume t h a t  they  c a l i b r a t e d .  It Iud  45 s i d c -  

w a l l s  w i t h  a  4- inch-wide bottom i n  t h e  t h r o a t  secLion  a n d  a 10- inch-  

wide bottom i n  t h e  approach  s e c t i o n .  S i n c e  t r a p e z o i d a l  fLumes t l i e o -  

r e t i c a l l y  cannot  produce l i n e a r  c a l i b r a t i o n  c u r v e s  on l o g - l o g  p Lois ,  

t h e i r  c h o i c e  of  a  power f u n c t i o n  f o r  t h e  r e s u l t s  i s  s u b j e c t  t o  

q u e s t i o n .  Because t h e  r e s u l t s  from t r a p e z o i d a l  f l u n ~ e s  produced by 

Robinson ( s e e  Annual Repor t ,  1966) were i n  agreement w i t h  c a l c u l a t e d  

r e s u l t s ,  a  d u p l i c a t e  o f  t h e  Bureau flume was c o n s t r u c t e d  f o r  s t u d y .  

C a l i b r a t i o n  has  n o t  been completed.  

Head Measurement. An i n t e r e s t i n g  method of measur ing head 

h a s  been s u c c e s s f u l l y  used.  The Zlumes st tould,  of  c o u r s e ,  be l e v e l  

th roughout .  However, i f  a d i s c r e p a n c y  o c c u r s ,  r e s u l t s  wi l l .  be most 

a c c u r a t e  i f  r e f e r r e d  t o  t h e  i n v e r t  e l e v a t i o n  of t h e  o u t l e t .  Th i s  

i s  e a s i l y  accomplished by ponding wa te r  throughout  t l ~ e  flurne wi th  

t h e  a i d  of a  c l a y  dam and measur ing t h e  w a t e r  d e p t h  a t  t h e  o u t l e t .  

T h i s  v a l u e  i s  t h e n  s e t  on t h e  readou t  d e v i c e  i n  t h e  s t i l l i n g  w e l l s .  

However, i n  a  p o r t a b l e  f lume t h a t  may be  dropped i n t o  a  d i t c h  under 

f lowing  c o n d i t i o n s ,  t h i s  p rocedure  cannot be  u s e d ,  I n s t e a d ,  t h e  

ilunie i s  approx imate ly  l e v e l e d ,  a  p o i n t  gage i s  rnounLed above t h e  

o u t l e t  t h a t  can  be zeroed on t h e  bottom th rough  t h e  f lowing  w a t e r ,  

and t h e n  r a i s e d  above t h e  f l a w  l e v e l  i n  t h e  t h r o a t .  A cup d e v l c e  
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w i t h  a  t u b e  communicating t o  t h e  s t i l l i n g  w e l l  i s  t h e n  suspended 

below t h e  r a i s e d  p o i n t  gage.  Thus, t h e  s u r f a c e  e l e v a t i o n  of  t h e  

s t i l l i n g  w e l l  above t h e  f lume o u t l e t  can be o b t a i n e d  fro111 t h e  wa te r  

l e v e l  i n  t h e  cup w i t h o u t  hav ing  t o  t r a n s f e r  r e a d i n g s  t o  a  p o i n t  gage 

i n  t h e  s t i l l i n g  w e l l ,  T h i s  h a s  proven t o  be a n  a c c u r a t e  and con- 

v e n i e n t  method t o  u s e  on p o r t a b l e  f lumes ,  

F r i c t i o n  Loss C a l c u l a t i o n s .  The f r i c t i o n  l o s s e s  were measured 

by d e t e r m i n i n g  t h e  d i f f e r e n c e  i n  t h c  head r e a d i n g  r e q u i r e d  t o  

s a t i s f y  t h e  t h e o r e t i c a l  e q u a t i o n  and t h a t  obse rved  f o r  a  g i v e n  d i s -  

cha rge  r a t e .  T h i s  r e q u i r e d  p r e c i s i o n  measurements of bo th  head and 

d i s c h a r g e .  S i n c e  t h e  d i s c h a r g e  measurements cou ld  be o b t a i n e d  g r a v i -  

m e t r i c a l l y  w i t h  a n  a c c u r a c y  on t h e  o r d e r  of  0 .1  t o  0,2%,  t l l i s  proved 

t o  be no problem. The a c c u r a c y  o f  r e a d o u t  on t h e  d e p t h  was l i m i t e d  

t o  - 4 0 .001  f t .  A t  low f low d e p t h s  of  0 , l  f t  t h i s  e r r o r  cou ld  be 

on t h e  o r d e r  o f  1%. 

T h e o r e t i c a l  p r e d i c t i o n s  of r h e  f r i c t i o n  l o s s e s  were a t t e m p t e d  

u s i n g  t h e  methods of  Ackers  and H a r r i s o n  (1) .  These v a l u e s  were 

u s u a l l y  1 112 t o  2 t imes  t h e  measured l o s s e s .  

Design Procedures .  Because Lhe flume c h a r a c t e r i s t i c s  can be  

d e s c r i b e d  t h e o r e t i c a l l y ,  t h e  s i z e  can be s e l e c t e d  t o  f i t  a  wide 

v a r i e t y  of  s i t u a t i o n s ,  The g e n e r a l  d e s i g n  p rocedure  would f o l l o w  

t h e s e  s t e p s :  

1, A s c e r t a i n  t h e  maximum f low r a t e  t o  be measured.  

2 .  A t  t h e  s i t e  s e l e c t e d  f o r  i n s t a l l i n g  t h e  f lume, l o c a t e  t h e  

maximum wate r  l i n e  on t h e  d i t c h  bank. T h i s  may be  c a l c u l a t e d  by 

backwater-curve  t e c h n i q u e s  o r  f i e l d  o b s e r v a t i o n  of  f low i n  t h e  

e x i s t i n g  d i t c h .  I f  a  t r i a n g u l a r  flume i s  t o  be used,  then  t h e  su-b- 

mergence w i l l  be governed by t h e  maximum wate r  l e v e l ,  p rov ided  t h e  

d i t c h  i s  t r a p e z o i d a l  o r  r e c t a n g u l a r ,  t h a t  i s ,  i E  t h e  f low c h a r a c t e r -  

i s t i c s  o f  t h e  channe l  a r e  approximated by a  power f u n c t i o n  w i t h  t h e  

exponent on t h e  d e p t h ,  y ,  l e s s  t h a n  t h e  exponent on t h e  flume d e p t h .  

I n  t h e  c a s e  of  a  t r i a n g u l a r  flume t h i s  v a l u e  would need Lo be  l e s s  
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t h a n  5 /2 .  R e c t a n g u l a r  d i t c h e s  have v a l u e s  on t h e  o r d e r  of 3 /2  and 

t r a p e z o i d a l  d i t c h e s  have v a l u e s  between 5 / 2  and 3 /2 .  

I f ,  on t h e  o t h e r  hand, a  r e c m n g u l a r  flume i s  p laced  i n  a  

t r a p e z o i d a l  d i t c h ,  t h e  submergence l e v e l  must be determined f o r  low 

f low s t a g e s  s i n c e  t h e  h i g h e r  r a t e s  a r e  c o n s e r v a t i v e  and approach 

l e s s  submergence w i t h  i n c r e a s i n g  f low r a t e .  

4 .  S e l e c t  a  f lume geometry t h a t  p r o v i d e s  a t  l e a s t  80% f r e e  

f low a t  t h e  h i g h  f low r a t e .  For  example, i f  a t s a p c z o i d a l  d i t c h  

d i s c h a r g e s  7 c f s  a t  a  d e p t h  of 20 i n c h e s ,  s e l e c t  a  t r i . a n g u l a r  flume 

t h a t  w i l l  p a s s  7 c f s  a t  a  s t a g e  o f  25 i n c h e s  t h u s  p r o v i d i n g  Eor 80% 

o r  l e s s  submergence. The lower f low dep ths  w i l l  have even l e s s  

submergence. The f low of t h e  flume may be c o i n c i d e n t  w i t h  t h e  

channe l  f l o o r  o r  p l a c e d  above a s    he l o c a t i o n  and s i t u a t i o n  demands. 

The s e l e c t i o n  of  flume s i z e  can be accomplished by u s i n g  t h e  e q u a t i o n s  

r e p o r t e d  i n  Annual Repor t ,  1966, 

5 .  The t h r o a t  s e c t i o n  shou ld  be a t  l e a s t  two t imes  t h e  maximurn 

d e p t h  of  f low expec ted  i n  t h e  approach channe l ,  The convergence 

s e c t i o n  shou ld  converge  a t  a  r a t e  o f  n o t  more t h a n  3 :1 ,  The approach 

s e c t i o n  shou1.d be  long enough t o  a s s u r e  n e a r l y  p a r a l l e l  f low a t  t h e  

p r e s s u r e  t a p  l o c a t i o n .  When t h e  Plow e n t e r s  a b r u p t l y  i n t o  t h e  cn-  

t r a n c e  s e c t i o n ,  t h i s  may r e q u i r e  a  l e n g t h  exceed ing  2  t imes  t h e  max- 

imum dep th .  

Model Study.  The s m a l l  f lumes and t h e  l a r g e  aluminum flumes 
0 

w i t h  60 t h r o a t s  a r e  g e o m e t r i c a l l y  p r o p o r t i o n e d  t o  a  s c a l e  r a t i o  of  

4 .  Th i s  a f f o r d e d  a n  o p p o r t u n i t y  t o  chcck t h e  c a l i b r a t i o n  of  t h e  

l a r g e r  flume by model ing t e c h n i q u e s .  

The s c a l e ,  o r  l e n g t h  r a t i o  i s  L 
V 

r 
r 

The Proude r a t i o  i s  F  - - - -/v-; - 

T h i s  can be  done a s  fo l lows :  

= 4. 

1. 

S i n c e  t h e  g r a v i t a t i o n a l  r a t i o  j g r =  1, 

t h e  v e l o c i t y  r a t i o ,  = 2/- = 2, r r 
and che v e l o c i t y  i n  t h e  p r o t o t y p e ,  V 

= 2  Vl,, P  
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where V i s  t h e  v e l o c i t y  and t h e  s u b s c r i p t s  p  and m r c f e r  t o  t h c  

p r o t o t y p e  and model r e s p e c t i v e l y .  

S i n c e  Q = AV, t h e  d i s c h a r g e  r a t i o  Q i s  
r J  

Thus,  s i n c e  t h e  l a b o r a t o r y  c a l i b r a t i o n  f o r  t h e  small. f lume, 

o r  model, produced t h e  f o l l o w i n g  c a l i b r a t i o n  e q u a t i o n  

t h e  p r o t o t y p e  e q u a t i o n  f o r  t h e  l a r g e  aluminum flume becomes 

D i r e c t  c a l i b r a t i o n  of  t h e  l a r g e  aluminum flume gave 

Thus, t h e  modeling laws,  a s  expec ted ,  can  be  s a t i s E a c t o r i l y  a p p l i e d ,  

SUMMARY AND CONCLUSIONS: 

Much of  t h e  b a s i c  t h e o r y  concern ing  t h e  f low c h a r a c t e r i s t i c s  

of  c r i t i c a l  d e p t h  f lumes has  long  been known. D e s p i t e  t h i s ,  t h e  

s t a g e - d i s c h a r g e  r e l a t i o n s  a r e  s t i l l  g e n e r a l l y  de te rmined  e m p i r i c a l l y  

because  t h e  a p p l i c a t i o n  of t h e  t h e o r e t  i c a  1 knowledge i s  t ed ious  anti 

r e q u i r e s  d e t a i l e d  computa t ions .  With t h e  a i d  of computers,  t h e  thco-  

r e t i c a l  knowledge can be a p p l i e d  r o u t i n e l y ,  
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S e v e r a l  Clumes have been dcsignecl, cons LrucLed, ,tnd t e s  ~ e c l  

i n  t h e  l a b o r a t o r y .  I n  g e n e r a l ,  a  computat ion 01 t h e  f r i c t i o n  l o s s  

i n  t h e  flume p e r m i t s  a  p r e d i c t i o n  of  t h e  flume c a l i b r a t i o n  i n  t e rms  

of  o r d i n a r y  energy  c o n c e p t s .  T h i s  p r e d i c t i o n  compares w i t h i n  2 2% 

f o r  a  f low range  t h a t  f r e q u e n t l y  exceeds  1 0 0 : l ,  depending on t h e  

f lume s i z e .  

The na r rowes t  s e c t i o n  of  t h e  f lume, t h e  t h r o a t ,  i s  t h e  most 

c r i t i c a l .  It must b e  c o n s t r u c t e d  a c c u r a t e l y  and b raced  a g a i n s t  

p o s s i b l e  d e f l e c t i o n  a t  h igh  Elows. I t s  l e n g t h  shou ld  be a t  l e a s t  

t w i c e  t h e  maximum expec ted  f low d e p t h  i n  t h e  approach  s e c t i o n .  The 

flumes shou ld  be i n s t a l l e d  l e v e l  when p o s s i b l e ,  however n e g a t i v e  o r  

a d v e r s e  s l o p e  i s  l e s s  d e t r i m e n t a l  t h a n  p o s i t i v e  f lume s l o p e .  

Modeling t e c h n i q u e s ,  a s  expec ted ,  p r e d i c t e d  a  s a t i s f a c t o r y  

c a l i b r a t i o n  e q u a t i o n ,  based on t h e  l a b o r a t o r y  r a t i n g  o f  t h e  s m a l l e r  

o f  a p a i r  of  s i m i l a r  f lumes w i t h  a  s c a l e  r a t i o  of  4 :1 ,  even though 

t h e  flume t h r o a t s  were t o o  s h o r t  t o  conform t o  t h e  t h e o r e t i c a l  

e q u a t i o n ,  
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TZTE : WATERPROOFING OF SOILS - AN EVAWATION OF TREAmNTS 

AND INFWENCING FACTORS 

LINE PROJECT: SWC W7 gG-5 CODE NO,:  Ariz.-WCL-49 

INTRODUCTZON : 

Work continued on the  development of experimental  techniques f o r  

q u a n t i t a t i v e l y  eva lua t ing  the  degree of water r epe l l ency  of s o i l s  

t r e a t e d  wi th  t h i n  f i lms  of low su r f ace  energy organic  compounds, The 

technique f o r  measuring the  breakthrough p re s su re  needed t o  f o r c e  

water  through the  porous bu t  water r e p e l l e n t  s o i l s  was r e f ined  and 

adapted t o  an automatic  d a t a  recording system, Also, a  method was 

developed f o r  measuring t h e  c h a r a c t e r i s t i c  con tac t  angle  of water on 

t r e a t e d  s o i l  sur faces .  These techniques were used t o  e s t a b l i s h  the  

degree of s o i l  su r f ace  coverage by t h e  organic  and t o  show the r e l a -  

t i o n  between water r epe l l ency  and e f f e c t i v e  pore r ad ius  of a  number 

of t r e a t e d  s o i l s ,  

PROCEDURE: 

The apparatus  used f o r  t he  de te rmina t ion  of brealc~hrough pressure  

was p ic tured  i n  t he  1966 Annual Report, 49-7, The procedure i n  cu r r en t  

u se  i s  t he  same a s  prev ious ly  ou t l i ned  except t h a t  now LOO grams of 

t r e a t e d  s o i l  i s  packed i n t o  the  l u c i t e  con ta ine r s ,  The system has 

been adapted t o  automatic  d a t a  record ing  by t e e i n g  a  pressure  t r a n s -  

ducer i n t o  the  water  l i n e  bcLwecn t h e  immersion tube and thc  s tand-  

p ipe ,  Since t h e  e l e c t r i c a l  output  of t he  pressure  t ransducer  

(Statham PM 131) i s  l i n e a r ,  an x, t s t r i p  c h a r t  r eco rde r  t i e d  t o  the  

t ransducer  dur ing  a typ ica l  hrcalcLhrough pressure  cletcrminati.on gives 

a  continuous t r a c e  t h a t  i s  n e a r l y  i d e n t i c a l  i n  appearance Lo those 

obtained by manual d a t a  poin t  t ak ing  (Figure 2, 1966, Annual Report 

49-8). 

Contact angels  of water on the  water r e p e l l e n t  s o i l s  were d e t e r -  

mined us ing  an adap ta t ion  of t h e  s e s s i l e  drop method proposed by 

Poynting and Thomson (1905). The method r equ i r e s  a  r a t h e r  la rge ,  f l a t ,  
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l e v e l  su r f ace  of t he  s o l i d  being t e s t e d ,  Water i s  added t o  t h i s  

water r e p e l l e n t  s u r f a c e  u n t i l  such a l a r g e  drop i s  formed t h a t  t he  

he igh t  of t h e  drop reaches a maximum value,  i , e ,  the diameter of 

t he  drop i s  l a r g e  r e l a t i v e  t o  t he  he ight ,  and f u r t h e r  add i t i ons  of 

water w i l l  i nc rease  the  diameter of the  drop, b u t  no t  t he  he igh t ,  

The con tac t  ang le  i s  r e l a t e d  t o  t h i s  maximum drop he igh t  by the 

r e l a t i o n  

cos €9 = 1 - 

where Q i s  t he  con tac t  angle ,  p i s  d e n s i t y  of t h e  water,  g i s  g rav i ty ,  

h i s  drop he igh t ,  and y i s  t h e  su r f ace  tens ion  of the water,  

A s o i l  sample holder  was designed t o  provide the  r a t h e r  la rge ,  

f l a t  s o i l  s u r f a c e  needed f o r  t h e  con tac t  angle  measurements, A 

2 inch long, 3 inch  diameter s t e e l  p i s t o n  was machined f l a t  on both 

ends t o  pass  with about 0,005 inch c learance  i n s i d e  a 2 inch long, 

3 inch diameter b r a s s  c y l i n d e r ,  A 1/16 inch c r o s s  s e c t i o n  O-ring 

was f i t t e d  i n t o  a groove c u t  near  t h e  upper l i p  of t h e  p i s t o n  - 
t h i s  t o  s l i g h t l y  r e s t r a i n  t h e  movement of t he  cy l inde r  p a s t  t he  

p i s  ton,  

In  p r a c t i c e  t he  cy l inde r  was pushed over the  p i s ton  u n r i l  a 1 1 2  

inch we l l  was formed i n s i d e  t h e  cy l inde r ,  The loose, water repcl.LenL 

s o i l  was poured i n t o  t h e  wel l ,  l eve led  wi th  a s p a t u l a  and packed wi th  

a hydraul ic  p re s s  whose two compression f aces  were of pol ished s t e e l ,  

f l a t  and p a r a l l e l  r e l a t i v e  t o  each o the r ,  The r e s u l t a n t  s o i l  su r f ace  

was d s s e n t i a l l y  f l a t  and p a r a l l e l  r e l a t i v e  t o  t h e  faces  of the p i s t o n  

of t h e  sample ho lde r ,  The e n t i r e  assembly was then placed on a small  

l e v e l i n g  t ab l e ,  and the  r e l a t i v e  he ight  of t h e  s o i l  su r f ace  determined 

wi th  a cathetometer ,  Deionized, deaera ted  water was added a top  t h c  

s o i l  u n t i l  a drop about  1 1 / 2  inches i n  diameter was formed, The 

r e l a t i v e  he igh t  of t h e  drop was determined with the  cathetometer ;  

more water was added and the  measurement repeated - t h i s  process  
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repea ted  s e v e r a l  times t o  reduce the  v a r i a b i l i t y  of measurement, 

The d i f f e r e n c e  between t h e  average r e l a t i v e  he igh t s  of the s o i l  and 

water  (h) was then  used t o  c a l c u l a t e  8 ,  

The s o i l s  and sands used i n  t h i s  s tudy  were s e l e c t e d  mainly t o  

provide a  f a i r l y  l a r g e  range of p a r t i c l e  s i z e  d i s t r i b u t i o n s  and 

su r f ace  a r e a s ,  A l l  samples were s ieved t o  l e s s  than 2 mm, P a r t i c l e  

s i z e  ana lyses  were determined us ing  t h e  hydrometer method a s  modified 

by Bouyoucos (1962), Resul t s  appear i n  Table 1, The va lue  f o r  t h e  

" c r y s t a l  s i l i c a "  sand i s  t h a t  l i s t e d  by the  Ottawa S i l i c a  Company, 

Surface a reas  were determined by us ing  a  modi f ica t ion  of the  

e thylene  g lyco l  method proposed by Dyal and Bendricks (19503, Mono- 

l aye r  end po in t s  were determined from continuous desorp t ion  p l o t s  of 

weight versus  time, which were obtained us ing  a Cahn RG e l ec t roba lance ,  

The s o i l  samples were d r i ed  over P 0 weighed and e q u i l i b r a t e d  over 
2 5, 

a s a t u r a t e d  atinos+phere of e thylene  glycol ,  re turned  t o  t h e  balance, 

which was housed i n  a  vacuum b o t t l e ,  and t h e  system evacuated con- - 3 
t inuous ly  wi th  a  roughing pump r a t e d  a t  b e t t e r  than LO t o r r .  The 

monolayer end po in t  was chosen a s  t h a t  po in t  where t h e  d i f f e r e n t i a l  

of weight l o s s  versus  time became cons t an t ,  The a r e a  per  e thylene  

g lyco l  molecule used i n  t h e  c a l c u l a t i o n s  was t h a t  s e l e c t e d  by Dyal. 

and Hendricks. Externa l  a r eas  of the  s o i l s  were determined s i m i l a r l y  

on samples hea ted  t o  500 C f o r  5 hours ,  Resul t s  appear i n  Table 1. 

The s o i l s  were made water r e p e l l e n t  by t r e a t i n g  them wi th  t h e  

sodium methyl s i l a n o l a t e ,  Union Carbide R-20, Various r a t e s  of 

aqueous R-20 s o l u t i o n s  were added t o  a i r  d ry  s o i l  samples and gen t ly  

mixed i n  a  l a r g e  cake mixer u n t i l  t he  s o i l  su r f aces  seemed uniformly 

wet ted ,  The s o i l s  were than  a i r  d r i ed  seve ra l  days t o  permit the  

R-20 t o  proper ly  bond t o  t h e  s o i l  sur face .  

RESULTS AND DISCUSSION: 

Penet ra t ion  Pressure ,  The pressure  needed t o  f o r c e  water  i n t o  

the  c a p i l l a r y  pores of t he  s o i l s  t r e a t e d  wi th  t h e  R-20 s i l i c o n e  was 
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found t o  be a p o s i t i v e  func t ion  of the  propor t ion  of ihe  soi l .  su r f ace  

covered with t h e  R-20, and t o  bc inve r se ly  r e l a t e d  t o  the e f f e c t i v e  

pore r ad ius  of t h e  packed s o i l s .  Figures  1 and 2 show t h a t  the 

breakthrough pressure ,  
hw9 

increases  a s  the a p p l i c a t i o n  r a t e  of 

R-20/g of s o i l  o r  per  u n i t  a r e a  of s o i l ,  r e spec t ive ly ,  increases .  

A t  low su r f ace  coverage t h e  breakthrough pressure ,  11 increases  
w 

markedly f o r  r a t h e r  smal l  increment i nc reases  i n  su r f ace  coverage - 
t h i s  undoubtedly being due t o  corresponding marked inc reases  i n  the  

con tac t  angle  of t h e  water  phase i n  con tac t  with the p a r t i a l l y  coated 

s o i l  su r f aces ,  

As coverage cont inues  t o  i nc rease ,  a d i s t i n c t  i n f l e c t i o n  occurs 

i n  t h e  r a t e  of change of h Beyond the  i n f l e c t i o n  poin t  11 quick ly  w * w 
l e v e l s  o f f ,  e i t h e r  immediately ob ta in ing  o r  qu ick ly  approaching a 

maximum value ,  Figure 2 shows t h a t  t hese  po in t s  of i n f l e c t i o n  occur 

a t  about t he  same degree of s u r f a c e  coverage f o r  a l l  t he  s o i l s  t e s t e d ,  

i . e .  roughly 1.5 X l o w 4  grams of R-20 per  m2 of s o i l  su r f ace  a rea .  

This va lue  i s  thought t o  correspond t o  monolayer su r f ace  coverage, 

The coverages of R-20 per  u n i t  a r e a  shown i n  Figure 2 a r e  based 

on the  t o t a l  s u r f a c e  a r e a  of t he  s o i l s ,  S imi la r  p l o t s  based on the  

e x t e r n a l  a r e a  of t h e  s o i l s  were not  succes s fu l  i n  e s t a b l i s h i n g  a 

corresponding monolayer reg ion  which was s i m i l a r  f o r  a l l  s o i l s .  

This  e i t h e r  sugges ts  t h a t  the  R-20 penet ra ted  the  i n t e r n a l  su r f aces  

of t he  c l a y  minerals  p re sen t  o r  t h a t  t he  method used f o r  determina- 

t i o n  of e x t e r n a l  a r e a  was i n  e r r o r ,  Table 1 shows t h a t  a l l  t he  s o i l s  

t e s t e d  seemed t o  have a high propor t ion  of i n t e r n a l  a r e a ,  This  may 

be reasonable f o r  t h e  f i n e r  t ex tu red  Grani te  Reef and Pachappa s o i l s ,  

bu t  i s  no t  f o r  t h e  coa r se  t ex tu red  s o i l s ,  Thus, t he  Dyal and Ben- 

d r i c k s  method f o r  t he  de te rmina t ion  of e x t e r n a l  s o i l  su r f ace  a reas  i s  

suspec t ,  The method a l s o  could not  be used f o r  determining t h e  

su r f ace  a rea  of t he  Ottawa sand; s t r ange ly ,  the method inva r i ab ly  

y i e lded  negat ive  su r f ace  a r e a s ,  
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The break through  p r e s s u r e  e q u a t i o n  s t a t e s  t h a t  t h e  b reak through  

p r e s s u r e ,  i s  i n v e r s e l y  r e l a t e d  t o  t h e  e f f e c t i v e  s o i l  p o r e  r a d i u s ,  

r, t h u s ,  by i n f e r e n c e ,  shou ld  a l s o  be r e l a t e d  t o  s o i l  t e x t u r e .  

F i g u r e s  1 and 2 r e a d i l y  suppor t  t h i s  r e l a t i o n s h i p  between brealc- 

through p r e s s u r e  and s o i l  t e x t u r e ,  b u t  a l s o  show t h a t  i t  is  l i t t l e  

more t h a n  a  rough g e n e r a l i z a t i o n ,  e , g ,  G r a n i t e  Reef and Pachappa, 

which have a  v e r y  similar p a r t i c l e  s i z e  d i s t r i b u t i o n  (Table L ) ,  have 

markedly d i f f e r e n t  b reak through  p r e s s u r e s  a t  similar o r g a n i c  coverages ,  

I n c r e a s i n g  t h e  b u l k  d e n s i t y  of a  s o i l  by packing shou ld  d e c r e a s e  

t h e  e f f e c t i v e  pore  r a d i u s  and consequen t ly  i n c r e a s e  t h e  breakthrough 

p r e s s u r e ,  F i g u r e  3 shows t h e  r e s u l t s  of such a n  exper iment  conducted 

on t h r e e  s o i l s  t r e a t e d  w i t h  monolayer o r  g r e a t e r  s u r f a c e  coverages  of 

R-20. Loose s o i l s ,  p l a c e d  i n  t h e  b reak through  p r e s s u r e  sample h o l d e r ,  

were s u b j e c t e d  t o  r e l a t i v e  i n c r e a s e s  i n  pack ing  by v a r y i n g  t h e  number 

of t imes  t h e  hammer was dropped on t h e  s o i l  s u r f a c e ,  A l l  t h r e e  s o i l s  

showed a n  i n c r e a s e  i n  b reak through  p r e s s u r e ,  
hw.' 

w i t h  i n c r e a s e d  

packing;  as would be  expec ted  t h e  i n c r e a s e  i n  h  f o r  t h e  c o a r s e ,  
W 

t e x t u r e d  S a l t  River  Bed Sand was v e r y  s l i g h t ,  b u t  was q u i t e  s i g n i f i -  

c a n t  f o r  t h e  f i n e  t e x t u r e d  G r a n i t e  Reef s o i l ,  

Thin f i l m s  of low s u r f a c e  energy o r g a n i c s  adsorbed on h i g h  

s u r f a c e  energy s o l i d s  a r e  known t o  e f f e c t i v e l y  mask t h e  s u r f a c e  

p r o p e r t i e s  o f  t h e  covered phase ,  The s u r f a c e  energy  of t h e  sys tem 

i s  t h e n  e n t i r e l y  dependent  on t h e  type and arrangement of exposed 

f u n c t i o n a l  groups of t h e  o r g a n i c  f i l m ,  Thus, a t  monolayer coverage,  

t h e  p e r  u n i t  a r e a  s u r f a c e  energy  of a l l  t h e s e  s o i l s  shou ld  be t h e  

same - t h a t  of t h e  R-20 f i l m ,  

The c o n t a c t  a n g l e  of t h e  wa te r  on t h i s  o r g a n i c  f i l m  i s  thermo- 

dynamical ly  r e l a t e d  t o  t h e  s u r f a c e  energy  of t h a t  f i l m ,  b u t  t h e  

ac tua l .  e f f e c t i v e  c o n t a c t  a n g l e  i n  t h e s e  porous s o i l  sys tems i s  a l s o  

a f f e c t e d  by a  composi te  roughness  c o n t r i b u t i o n ,  which c o n s i s t s  of 

b o t h  a p l a i n e r  roughness  and a p o r o s i t y  c o n t r i b u t i o n ,  The thermo- 

dynamic c o n t r i b u t i o n  t o  t h e  c o n t a c t  a n g l e  shou ld  be  t h e  same f o r  
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a l l  the  s o i l s  a t  and beyond monolayer coverage; i f  the roughness 

c o n t r i b u t i o n  f o r  each of t h e  s o i l s  a l s o  i s  the  same, then the  

a c t u a l  con tac t  angle  of t he  water should be the  same and t h e  

breakthrough pressure  a t  monolayer coverage f o r  t h e  s o i l s  coated 

wi th  the  same organic  f i l m  should be independent of con tac t  angle ,  

and should be only a func t ion  of the  effect i .ve pore r ad ius ,  

This hypothesis  was t e s t e d  by p l o t t i n g  the  breakthrough pres-  
s'c 

s u r e  a t  monolayer coverage h of s e v e r a l  of the  coa r se  tex tured  
W 

sands versus  t he  inve r se  of t he  e f f e c t i v e  pore r ad ius  of the 

s o i l s .  The e f f e c t i v e  pore r a d i i  were obtained by determining the 

maximum height  of r i s e  of benzene i n  s o i l  columns whose bulk 

d e n s i t i e s  had been ad jus t ed  t o  equal  those of t he  s o i l  packed i n  

t h e  breakthrough p re s su re  appara tus .  This was considered l eg i t ima te  

s i n c e  the  e f f e c t i v e  pore r a d i i  func t ioning  i n  both c a p i l l a r y  and 

breakthrough pressures  should be the same, Benzene was used t o  be 

assured  of a zero con tac t  angle  when c a l c u l a t i n g  the  pore r ad ius  

u s ing  the common c a p i l l a r y  r i s e  equat ion,  
>'c 

Figure 4 shows t h a t :  (1) hw i s  indeed l i n e a r l y  r e l a t e d  t o  l / r ,  

and ( 2 )  t he  f a c t o r s  which c o n t r o l  t he  s lope  of t he  l i n e  a r e  a s  pre-  

d i c t ed  cons tan ts  f o r  any one p a r t i c u l a r  organic  coa t ing ,  This 
7'c 

technique of p l o t t i n g  t h e  maximum breakthrough p re s su re  h versus  
W 

t he  inverse  of the  pore r a d i i  should serve  a s  another  u s e f u l  means 

f o r  eva lua t ing  the  water  repe l lency  c h a r a c t e r i s t i c s  of the  organic  

m a t e r i a l s  when adsorbed on s o i l s .  The t h e o r e t i c a l  abso lu t e  maximum 
Jc 

of h a s  a func t ion  of l / r  i s  a l s o  shown i n  Figure 4 - t h i s  occur- 
W 

r i n g  when the  cons tan t  terms which desc r ibe  the  s lope  of the l i n e  

ob ta in  t h e i r  t h e o r e t i c a l  maximum values .  

Contact Angle. The con tac t  angle  measurements a l s o  show t h a t  

the  su r f ace  energy of t he  s o i l  i s  reduced a s  t he  degree of t h i n  

f i l m  coverage i s  increase ,  i , e ,  t he  con tac t  angle  i nc reases  a s  the 

degree of su r f ace  coverage increases  (Table 2 ) ,  Contact angles  
0 

l e s s  than 90 cannot be measured by t h i s  technique s i n c e  a s  with 
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t h e  breakthrough p re s su re  method t h e  drops of water  a r e  d r a m  i n t o  

t h e  s o i l  c a p i l l a r i e s .  Such s o i l s  a r e  n o t  water r e p e l l e n t s  so a r e  

of l i t t l e  i n t e r e s t  anyway i n  t h i s  s tudy.  For O l a r g e r  than go0, 

t he  i n i t i a l  i nc reases  i n  O per  increment i nc reases  i n  su r f ace  cover- 

age a r e  l a rge ,  As monolayer coverage i s  approached and exceeded, 

the  r a t e  of i nc rease  i n  O r a p i d l y  decreases ,  even tua l ly  a t t a i n i n g  

a nea r ly  cons tan t  maximum value .  This maximum value  f o r  R-20 

t r e a t e d  s o i l s  i s  about 150 1- 5 degrees,  and, a s  expected, seems 

t o  be r e l a t i v e l y  independent of s o i l  type ,  

Roughness of t he  s o i l  su r f ace  i s  undoubtedly p a r t i a l l y  respon- 

s i b l e  f o r  t h i s  l a r g e  angle.  Sha f r in  and Zisman (1964) r e p o r t  t h a t  

t he  con tac t  angle  f o r  water  on an adsorbed, smooth, condensed 

monolayer of a polydimethylsi loxane was only 101°, Since t h e  type 

and dens i ty  of exposed func t iona l  groups f o r  t h e  polydimethylsi loxane 

and the  R-20 should be nea r ly  the  same, f i lms  of t he  two compounds 

might be expected t o  have s i m i l a r  su r f ace  energ ies ,  thus,  s i m i l a r  

con tac t  angles .  The d i f f e r e n c e  between 100' and 150°, therefore,  i s  

probably l a r g e l y  due t o  t he  roughness of the exposed s o i l  su r f aces .  

The c o n t r i b u t i o n  of roughness t o  the  observed con tac t  angle  

i s  descr ibed by the  r e l a t i o n  

cos 0 = f cos O - 
1 f 2  

I I 

where 8 i s  the  observed con tac t  angle ,  8 i s  t he  t r u e  con tac t  angle  

based on t h e  su r f ace  energy of the  smooth, s o l i d  sur face ,  and f i s  
1 

t h e  r a t i o  of a c t u a l  a r e a  of s o l i d  su r f ace  covered by the  l i q u i d  

compared t o  t he  p l a i n e r  su r f ace  a r e a  covered. Since f l  i s  g r e a t e r  
11 

than o r  equal  t o  1, any roughness i n  the su r f ace  inc reases  Et f o r  
11 

B > go0, bu t  reduces O f o r  B < 90'. The f a c t o r  f  r ep re sen t s  t he  

propor t ion  of a i r  space o r  a i r - l i q u i d  i n t e r f a c e  under t he  drop 

compared t o  the  p l a i n e r  su r f ace  covered. I f  a i r  spaces a r e  p re sen t ,  
t I 

t he  f a c t o r  f  always reduces cos  8 , i , e ,  i nc reases  t h e  con tac t  
2 

ang le  of t h e  l i q u i d  on t h e  s o l i d  sur face .  
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Since these  R-20 t r e a t e d  s o i l s  a r e  both rough and porous, 
0 

and s i n c e  0 > 90 a t  monolayer coverage, both f and f c o n t r i -  1 2 
buted t o  i nc reas ing  the  con tac t  angle .  

It would be advantageous t o  know i f  the  con tac t  angle  a s  

measured wi th  t h i s  technique i s  t he  same a s  t h a t  encountered i n  

t h e  pene t r a t ion  p re s su re  work, It may be p o s s i b l e  t o  check t h i s  * 
us ing  the  apparent  l i n e a r  r e l a t i o n s h i p  between h and l / r  a s  

W 

p i c tu red  i n  Figure 4, Using the  s lope  of t he  l i n e  shown and 72.8 

dynes per  cm f o r  t he  su r f ace  t ens ion  of water,  t he  c a l c u l a t e d  

va lue  of 0 i s  only 116O. These s i l i c o n e s ,  however, a c t  a s  wet t ing  

agents  when i n  aqueous so lu t ion ,  t he re fo re ,  any d i s s o l u t i o n  of 

t h e  R-20 o f f  t he  s o i l  i n t o  t he  aqueous phase would lower the  

su r f ace  t ens ion  of t h e  water .  Again, u s ing  the  l i n e a r  r e l a t i o n -  
7'c 

s h i p  between hw and l / r  a s  p i c tu red  i n  Figure 4, and l e t t i n g  

0 = 150°, t h e  c a l c u l a t e d  va lue  of y i s  only 35 dynes per  cm. It 

may be p o s s i b l e  t o  determine y t o  r e so lve  t h e  problem, 

SUMMARY AND CONCLUSIONS: 

The method f o r  measuring breakthrough pressures  o f , w a t e r  

r e p e l l e n t  s o i l s  was r e f i n e d  and adapted t o  an automatic  d a t a  r e -  

cord ing  system us ing  a s e n s i t i v e  p re s su re  t ransducer  coupled t o  a  

s t r i p  c h a r t  recorder .  A method was a l s o  developed f o r  measuring 

the  con tac t  angle  of w a t e r  on these  water r e p e l l e n t  s o i l s .  The 

pressure  needed t o  f o r c e  water  i n t o  the  c a p i l l a r y  pores  of s o i l s  

t r e a t e d  with a  s i l i c o n e  water r e p e l l e n t  was found t o  be c o r r e l a t e d  

t o  t he  proport ion of t he  s o i l  s u r f a c e  covcrcd wi th  the  organic  

coa t ing  and t o  be i n v e r s e l y  r e l a t e d  t o  t he  e f f e c t i v e  pore r ad ius  

of t he  packed s o i l .  Both of t hese  two phenonema a r e  p red ic t ed  by 

the  equat ion which desc r ibes  t h i s  breakthrough p re s su re  

h = 2y cos Blpgr 
W 

where h i s  the  breakthrough pressurc  expressed he re  a s  the head 
W 
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of water needed t o  f o r c e  water i n t o  the  pore s t r u c t u r e  of these  

water  r e p e l l e n t  s o i l s ,  y i s  t he  su r f ace  t ens ion  of t he  aqueous 

phase, p i s  i t s  dens i ty ,  g  i s  g rav i ty ,  @ i s  the  con tac t  angle  of 

t h e  water,  and r i s  t h e  e f f e c t i v e  pore r ad ius  of the  packed s o i l .  

The breakthrough p re s su re  method was found t o  be e f f e c t i v e  f o r  

e s t a b l i s h i n g  t h e  a p p l i c a t i o n  r a t e s  of organic  compound necessary r o  

o b t a i n  su r f ace  monolayer coverage, For t h e  s i l i c o n e  used i n  t hese  

s t u d i e s ,  Union Carbide R-20, a11 s o i l s  obtained monolayer coverage 

a t  about 1.5 x l om4 g of s i l i c o n e  per  m2 of t o t a l  s o i l  su r f ace  

a rea .  

Prel iminary work sugges ts  t h a t  the  e f f e c t i v e  con tac t  angle  of 

water on these  organic  coated s o i l s  a t t a i n s  a  cons t an t  maximum 

value  a t  t he  monolayer coverage poin t ;  a l s o ,  t h i s  maximum con tac t  

angle  apparent ly  i s  r e l a t i v e l y  independent of t he  type of s o i l  

p re sen t ,  Thus, a  p l o t  of the  breakthrough p re s su re  of s e v e r a l  

s o i l s  t r e a t e d  wi th  a  monolayer coa t ing  of t h e  s i l i c o n e  water r epe l -  

l e n t  ve r sus  t h e  inve r se  of t he  r e s p e c t i v e  e f f e c t i v e  pore r a d i i ,  

which were determined independent ly us ing  c a p i l l a r y  r i s e  techniques, 

y i e lded  a  l i n e a r  r e l a t i o n s h i p .  

A more d i r e c t  method f o r  measuring the  contac t  angle  of organic  

coated s o i l s  was a l s o  developed. Prel iminary work sugges ts  t h i s  

a l s o  w i l l  be u s e f u l  i n  e s t a b l i s h i n g  optimum a p p l i c a t i o n  r a t e s  and 

may be u s e f u l  f o r  comparing va r ious  s o i l  t reatments .  
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Table 1, S o i l s  and phys ica l  cons tants .  

- - - 

S o i l  Surface Area Par t  i c  Ze Size 

To ta l  Externa l  Sand S i l t  Clay 
2 

m / g  % 

Play Sand 8.0 3.3 95.4 2,8 1.8 

S a l t  River Bed Sand 23.4 8.7 87,3 10.7 2,O 

Control Sand 32.2 14.6 39.8 60,2 6 ,9  

Pachappa 22.2 7 .O 50,3 41,9 7,8 

Grani te  Reef 

Ottawa Sand 

7k Could not  be determined by method used, 
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Table 2, Contact angle  of water on s o i l s  t r e a t e d  with R-20 

s i l i c o n e  water r e p e l l e n t ,  

S o i l  Surface Coverage Contact Angle 

4 g ~ - 2 0 / m ~  of s o i l  (x 10 ) Degrees 8 

S.R,B.S, 0.13 < 90 

0.26 < 90 

0.52 137.5 L 5,4 
1.30 149.0 3 1,7 

2,61 151.8 + 3.3 

5.21 l56,6 3 9,3 

Grani te  Reef 
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F i y r e  1. Breakthrough p r e s s u r e  of s i l i c o n e  t r e a t e d  s o i l s  v e r s u s  a p p l i c a t i o n  

r a t e  of s i l i c o n e  pe r  gram of s o i l ,  
Annual Report of the U.S. Water Conservation Laboratory



Figure  2, Breakthrough p re s su re  of s i l i c o n e  t r e a t e d  s o i l s  ve r sus  a p p l i c a t i o n  

r a t e  of s i l i c o n e  pe r  u n i t  a r e a  of s o i l ,  
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Figure  3. Breakthrough p re s su re  of wa te r - r epe l l en t  s o i l s  versus  degree of 

s o i l  packing, Annual Report of the U.S. Water Conservation Laboratory



: OTTAWA C.S. El 

Figure 4 ,  Breakthrough pressures  a t  monolayer coverage of s i l i c o n e  coated 

s o i l s  versus  the  inverse  of t h e  e f f e c t i v e  s o i l  pore r a d i i .  
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TITLE : USE OF FLOATING SOLID AND GRANULAR MATERIALS TO REDUCE 

EVAPORATION FROM WATER SURFACES 

LINE PROJECT: SWC V 1 1  gG-3 CODE N O . :  Ariz.-WCL-50 

INTRODUCTION: 

Previous s t u d i e s  on 2.7 m diameter tanks have shown i t  i s  econom- 

i c a l l y  poss ib l e  t o  reduce evaporat ion wi th  f l o a t i n g  covers ( s ee  1965 

Annual Report WCL-9). The ever  expanding l i s t  of poss ib l e  ma te r i a l s  

t o  use ,  n e c e s s i t a t e s  continued research  i n  t h i s  a rea ,  a s  wel l  as  

f i e l d  a p p l i c a t i o n  of t h e  more promising products .  

Ten 6 .1  m square foamed polyethylene covers were t e s t e d  under 

f i e l d  condi t ions  on a  s tock  pond near  F l a g s t a f f ,  Arizona dur ing  the  

summer of 1967. 

Several  v a r i e t i e s  of f l o a t i n g  concre te  blocks were t e s r ed  t o  de- 

termine the  b e s t  combinations of i ng red ien t s ,  a s  wel l  a s  t he  va lue  of 

p r o t e c t i v e  coa t ings .  These blocks,  along with a  foamed wax m a t e r i a l ,  

a  b u t y l  shee t  and a  styrofoam cover were s tud ied  on 2 .1  m diameter 

tanks.  

The 2.7 m diameter  tanks,  on which previous s t u d i e s  were conduc- 

ted ,  were modified t o  s impl i fy  h e a t  balance c a l c u l a t i o n s .  A tank 

2 . 1  m i n  diameter and 0.6 m depth was placed i n s i d e  t h e  2 . 7  m diam- 

e t e r  tank, thus  leaving  a  0 .3  m space between the  two tanks on the  

bottom and around the  s i d e s .  This 0.3 m space was f i l l e d  with 

p e r l i t e  ore ,  thus i n s u l a t i n g  the  inner  tank and minimizing hea t  ex- 

change with the  surroundings.  

PROCEDURE: 

Foamed Polyethylene.  Ten foamed polyethylene covers  approxi- 

mately 6 .1  m square were cons t ruc ted  f o r  the  purpose of eva lua t ing  

t h e i r  performance under f i e l d  cond i t i ons .  Previous s t u d i e s  i nd ica -  

ted  t h a t  the  foamed polyethylene d id  not  s tand  exposure to  t he  

sun l igh t  l o r  more than about one evaporat ion season;  t he re fo re ,  pro- 

t e c t i v e  coa t ings  were appl ied  t o  t he  top  s u r f a c e .  E ight  of t he  

covers were coated with a  mixture of alurnkfiurn powder and Butyl  l a t e x  
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emulsion, anu the  remaining two were coated with a white a c r y l i c  

emulsion. These covers were placed on a s tock  pond about 1 /3  a c r e  

i n  s i z e  located near  F l a g s t a f f ,  Arizona i n  l a t e  May 1967. 

F loa t ing  Concrete Blocks. F l o a t a b i l i t y  t e s t s  were conducted on 

s e v e r a l  d i f f e r e n t  ba tches  of concre te  blocks i n  which the  propor t ions  

of t he  ing red ien t s  were v a r i e d .  Since a moisture b a r r i e r  was needed 

t o  reduce lo s ses  t h ru  t h e  blocks and inc rease  t h e i r  e f f i c i e n c y  f o r  r e -  

ducing evaporat ion,  t h r e e  approaches were inves t iga t ed .  These were; 

(1) r egu la r  blocks completely coated with a cutback a spha l t ,  (2) 

r egu la r  blocks coated on the  top  only with a white  a c r y l i c  emulsion, 

and (3)  adding an an ion ic  a spha l t  emulsion t o  t he  ba tch  during mixing. 

S u f f i c i e n t  blocks were placed on the  2 . 1  m diameter  tanks t o  

cover approximately 80% of t he  sur face ,  and the  evaporat ion a s  compar- 

ed t o  an open tank was recorded.  

Other F loa t ing  Covers. Three o t h e r  m a t e r i a l s  were t e s t e d  f o r  

e f f i c i e n c y  i n  reducing evaporat ion on the  2 .1  m diameter  tanks .  

The f i r s t  was a foamed wax ma te r i a l ,  white  i n  co lo r ,  made i n t o  

blocks about 12.1 cm i n  diameter  and 4 cm th i ck .  S u f f i c i e n t  blocks 

were placed on the  tank t o  cover about 80% of t he  su r f ace ,  and 

evaporat ion was noted.  A t e s t  was a l s o  conducted i n  which p e r l i t e  

o r e  was placed i n  t h e  voids between the  wax blocks,  t h e  combination 

t h e r e f o r e  covering almost t he  e n t i r e  su r f ace  a r e a .  

The second m a t e r i a l  was a 15 m i l  b u t y l  shee t  f l o a t e d  by means of 

a sea led  2.5 cm diameter  p l a s t i c  pipe fas tened  around t h e  circumfer-  

ence. This m a t e r i a l ,  made t o  cover about t he  same a rea  (78%) a s  t he  

wax blocks,  was coated on top  with white l a t e x  pa inr ,  and the  evapo- 

r a t i o n  recorded. 

The t h i r d  m a t e r i a l  used was a styrofoam cover of 5 . 1  cm th i ck -  

ness ,  and the  same area  a s  the  b u t y l  cover (78%). The styrofoam 

was coated on top  wi th  a white  l a t e x  pa in t  f o r  p ro t ec t ion ,  and the  

evaporat ion recorded.  

RESULTS ANii DISCUSSXCITJ : 
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Foamed Polyethylene.  The ten  6 . 1  m square foamed polyethylene 

covers were observed about once every two weeks a f t e r  i n s t a l l a t i o n ,  

and were found co perform s a t i s f a c t o r i l y  u n t i l  mid-July. During the  

l a t e r  p a r t  of J u l y  and August, with t he  increased  thunderstorm 

a c t i v i t y  and weathering of t he  ma te r i a l s ,  s i x  of t he  covers  received 

severe  damage. They were blown from the  pond and t o r n  beyond r e p a i r  

on the  nearby rocks and shrubbery. One of the  remaining fou r  covers 

was t o r n  s l i g h t l y  and t h e  p l a s t i c  p ipe  frame was ben t ;  however, it 

was repa i red  and was s t i l l  i n  f a i r  condi t ion ,  a s  were the  o t h e r  

th ree ,  a t  t he  l a s t  i n spec t ion  i n  October. A l l  four  covers  d id  show 

s igns  of d e t e r i o r a t i o n ,  thus i n d i c a t i n g  t h a t  t he  p r o t e c t i v e  coa t ings  

d id  no t  extend t h e  l i f e  of t he  cover s i g n i f i c a n t l y .  This,  and 

previous s t u d i e s ,  i n d i c a t e  t h a t  although t h e  foamed polyethylene i s  

a  very e f f i c i e n t  m a t e r i a l  f o r  reducing evaporat ion,  i t  i s  s t i l l  

doubt fu l  t h a t  i t  would be an economical method of saving water under 

most f i e l d  condi t ions ,  due t o  i t s  s h o r t  l i f e  and susceptibility t o  

wind damage. 

F loa t ing  Concrete Blocks. A l ight-weight  concre te  block has 

been developed, us ing  expanded 0.3 mm average diameter  p e r l i t e  o re  a s  

t h e  main aggregate ,  t h a t  w i l l  f l o a t  f o r  a cons iderable  length  oE time. 

Some of t h e  blocks were on the  2 .1  m diameter tanks f o r  over s i x  

months, and no change i n  f l o a t a b i l i t y  o r  d e t e r i o r a t i o n  was noted.  

Resul t s  of evaporat ion r educ t ion  e f f i c i e n c y  s t u d i e s  a r e  present -  

ed i n  Table 1, and summarized below. The a s p h a l t  coated l i g h t -  

weight concre te  blocks i n i t i a l l y  reduced evaporat ion by 40%, with 

80% of t h e  su r f ace  covered, b u t  soon dropped t o  27% as  t he  a spha l t  

oxidized,  thus  saving only 32% on the  average, a s  shown i n  Table 1, 

f o r  the  period between March 24 and May 3 .  

The blocks coated on the  top  with a  white  a c r y l i c  emulsion 

were more e f f i c i e n t  i n  reducing evaporat ion than t h e  a spha l t  coated 

b locks ,  They i n i t i a l l y  reduced evaporat ion by 53%, with 80% of t h e  

su r f ace  covered, b u t  g radua l ly  dropped t o  49% by the  end of t he  
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study per ioa .  The a c r y l i c  emulsion coa t ing  was tu rn ing  brownish 

from c o l l e c t i n g  dus t ,  and some s p a l l i n g  had occurred a t  t h i s  s t a g e .  

The concre te  b locks  conta in ing  a s p h a l t  wi th in  the  mix i n i t i a l l y  

reduced evaporat ion by only 39%, with 80% of t he  a r ea  covered, bu t  

with aging g radua l ly  increased t o  60% reduct ion,  with 78% coverage. 

These blocks,  bes ides  being the  most e f f i c i e n t  i n  the  long run, would 

be the  most economical of t h e  f l o a t i n g  concre te  blocks t e s t e d ,  be- 

cause they d id  no t  r e q u i r e  a d d i t i o n a l  t reatment  o r  handl ing a f t e r  

i n i t i a l  s e t t i n g .  

Other F loa t ing  Covers. The r e s u l t s  of evaporat ion reduct ion  

s t u d i e s  us ing  foamed wax, b u t y l  rubber ,  and styrofoam a r e  presented 

i n  Table 2, and a r e  summarized below. 

The foamed wax blocks i n i t i a l l y  reduced evaporat ion by 68%, wi th  

78% coverage. Af te r  adding 0 . 3  mm average diameter  expanded p e r l i t e  

o r e  t o  t he  voids  between wax blocks,  t h e  evaporat ion reduct ion  de- 

creased t o  63 percent ,  and a s  t he  blocks c o l l e c t e d  dus t ,  thus chang- 

i ng  t h e i r  co lor ,  t h e  e f f i c i e n c y  decreased t o  59%. On June 20, 1967 

t h e  p e r l i t e  was removed and t h e  blocks turned over,  thus  exposing 

a  c lean  white su r f ace ,  s i m i l a r  t o  the  i n i t i a l  condi t ions  of February 

27. Under t hese  condi t ions  t h e  evaporat ion reduct ion  was 67%, o r  

e s s e n t i a l l y  t h e  same as  a t  t he  beginning of the s t u d i e s .  However, 

during the  period from J u l y  31 t o  September 11, t h e  i n t e n s e  summer 

h e a t  melted t h e  exposed su r f ace  of t h e  b locks .  The molten wax, along 

wi th  t h e  captured dus t ,  changed the  r e f l e c t i v e  c h a r a c t e r i s t i c s  of 

t he  blocks and evaporat ion reduct ion  dropped t o  54%. 

On September 11 new blocks were placed on the  tanks and evapo- 

r a t i o n  reduct ion  remained 75% o r  more th ru  the  end of the  srudy 

per iod .  Lower a i r  temperatures dur ing  t h i s  l a t e r  per iod were n o t  

s u f f i c i e n t  t o  melt  t h e  blocks,  and s e v e r a l  r a i n s  kept  t he  dus t  

washed from t h e  b locks ,  l eav ing  a white  s u r f a c e .  

The white  coated b u t y l  rubber cover reduced evaporat ion t y  73%, 

with 78% of the  s u r f a c e  covered dur ing  t h e  h o t  p a r t  of t he  study, and 
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e f f i c i e n c y  increased t o  over 81% a s  the  a i r  temperatures decreased.  

The styrofoam cover was only t e s t e d  during the  l a s t  per iod,  and 

i t  reduced evaporat ion by 78%, wi th  78% coverage. The r e s u l t s  of 

t h i s  l a s t  per iod would i n d i c a t e  t h a t  t h e  t h i n  b u t y l  cover i s  more 

e f f i c i e n t  than  t h e  t h i c k e r  styrofoam cover,  probably due t o  h e a t  

escape th ru  the  cover i n  t he  f i r s t  case ,  b u t  only th ru  t h e  uncovered 

a r e a  i n  t h e  case  of styrofoam, because of i t s  good i n s u l a t i n g  proper- 

t i e s .  I n  any event,  f u r t h e r  s t u d i e s  w i l l  be conducted dur ing  the  

hot  season on these  two m a t e r i a l s .  

SUMMARY AND CONCLUSIONS: 

This ,  and previous s t u d i e s  on f l o a t i n g  covers cons t ruc ted  of 

6 .4  mm t h i ck  white  polyethylene,  have shown t h a t  a l though the  

ma-ter ial  i s  very e f f i c i e n t  i n  reducing evaporat ion,  t h e  s h o r t  u sab le  

l i f e  due t o  r ap id  weathering, and the  p o t e n t i a l  f o r  wind damage make 

it uneconomical f o r  most f i e l d  s i t u a t i o n s .  

Light-weight concre te  blocks have been developed t h a t  w i l l  f l o a t  

f o r  a cons iderable  t ime and reduce evaporat ion s i g n i f i c a n t l y .  Blocks 

wi th  a s p h a l t  i n  t h e  mixture of i ng red ien t s  were more e f f i c i e n t  and 

economical than r e g u l a r  blocks wi th  p r o t e c t i v e  coa t ings .  The coa t -  

ings tended t o  d e t e r i o r a t e  a f  t e r  exposure, while  t h e  blocks with 

a s p h a l t  i n  t he  mix became more e f f i c i e n t  with age.  

Foamed wax blocks were found t o  be s l i g h t l y  more e f f i c i e n t  than  

t h e  l igh t -weight  concre te  b locks ;  however, due- t o  t h e i r  low melt ing 

po in t  they d id  no t  s tand  up under t he  high a i r  temperatures  of l a t e  

J u l y  and August. During the  coo le r  p a r t  of the  year  t he  wax blocks 

reduced evaporat ion almost 100% f o r  t he  amount of a r ea  covered. 

Adding l igh t -weight  p e r l i t e  o r e  t o  t h e  voids between wax blocks d id  

not  i nc rease  e f f i c i e n c y ;  i n  f a c t ,  i t  seemed t o  reduce i t  s l i g h t l y .  

However, dus t  c o l l e c t i n g  on the  blocks may have been the  cause of t h e  

decrease .  

Butyl  rubber,  f l o a t e d  by means of a sea led  p l a s t i c  p i p e  

a t tached  around t h e  perimeter  and pa in ted  white  on top, has been t h e  
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most e f f i c x e n t  cover s t u d i e d .  The b u t y l  cover has  n o t  been damaged 

by wind on the  r a t h e r  smal l  s tudy tanks,  b u t  from experience with the  

foamed polyethylene i t  would appear t h a t  any membrane o r  shee t  

m a t e r i a l  would be  p o t e n t i a l l y  s u b j e c t  t o  wind damage, Another 

problem would be s inking  of t he  cover i f  t he  p l a s t i c  p ipe  was damag- 

ed. 

The styrofoam cover was only s tud ied  f o r  one period,  and t h e  

e f f i c i e n c y  was 100% f o r  t h e  a r ea  covered. Fur ther  s t u d i e s ,  during 

t h e  h o t  season, w i l l  b e  conducted on t h i s  cover t o  determine i f  

changes i n  e f f i c i e n c y  occur .  The p o t e n t i a l  f o r  wind damage i s  a l s o  

p re sen t  f o r  t h e  styrofoam cover .  

PERSONNEL: Kei th R.  Cooley 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Evaporation reduct ion  us ing  l igh tweight  concre te  b locks .  

Open Tank Asphalt  Coated Acryl ic  Coated Asphal t  i n  Mix 

Period Evaporation Evap . Red. Area Evap. Red, Area Evap. Red. Area 

(cm) (cm> (%) (%) (cm) (%> (%) (em) (XI  (Z) 

- - -- -- 

24 Mar - 3 May 16.39 11.15 3 2 8 0 .. - - 10.02 3 9 80 

3 May - 16 Jun  30.67 - - - 14.44 53 7 7 15.14 5 1 80 

31 J u l  - 11 Sep 30.63 - - - - - - 14.81 5 2 7 8 
Ln 
0 

I I1 Sep - 2 Oct 11.36 - - - - - - 4.50 6 0 7 8 
.J 
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Table  2. Evapora t ion  r e d u c t i o n  u s i n g  o t h e r  f l o a t i n g  m a t e r i a l s  

------ - ----- -- 
Open Tank - Foamed Wax Wax & P e r l i t e  B u t y l  Rubber StyroCoam 

P e r i o d  Evap.  Evap. Red. Area Evap. Red. Area Evap. Red. Area Evap. Red.  Arra  

I 1  Sep - 2  Oct  11 .36  2.84 75 78 - - - 2.21. 8 1  7 8  - - - 

4 O c t  - 7 Nov 15 .45  3 . 5 6  77 78 - - - 2.74  82 78 3.45 7 8  7 8  
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TITLE : WASTE WATER RENOVATION BY SPREADING TREATED SEWAGE 

FOR GROUFJD-WATER RECHARGE 

LINE PROJECT: SWC W4 gG-l CODE N O . :  Ariz,-WCL-51 

INTRODUCTION : 

Construct ion of t he  p r o j e c t  on waste water  renovat ion  by ground- 

water  recharge through su r f ace  spreading, code name p ro j ec t  Flushing 

Meadows, s t a r t e d  i n  January and was completed i n  August. The con- 

s t r u c t i o n  was done by the  S a l t  River Pro jec t ,  fol lowing approval of 

a demonstration g r a n t  from t h e  Federal  Water Po l lu t ion  Control 

Administrat ion.  The g r a n t  was i n  the amount of $69,500 and covers  

mainly the  cons t ruc t ion  c o s t s  and the  s a l a r i e s  of two labora tory  

technic ians  f o r  a 3-year per iod ,  The p r o j e c t  i s  l oca t ed  on S t a t e  

land i n  the S a l t  River bed about 1 l / 2  miles  west 01 9'Lst Avenue, A 

commercial l ea se  from the  S t a t e  Land Department, and an agreement 

w i t h  the  City of Phoenix t o  d i v e r t  sewage e f f l u e n t  f o r  experimental 

ground-water recharge have been obta ined ,  An e f f l u e n t  recharge 

committee, c o n s i s t i n g  of r e p r e s e n t a t i v e s  of the S a l t  River Pro jec t ,  

Ci ty  of Phoenix, County and S t a t e  Health Departments, Bureau of 

Reclamation, the  Univers i ty  of Arizona, and the U. S ,  Water Conser- 

va t ion  Laboratory has been formed, The committee meets pe r iod ica l ly  

t o  d i scuss  p lans  and r e s u l t s  of the Flushing Neadows p r o j e c t ,  

For a d e s c r i p t i o n  of the o b j e c t i v e s  of the  Flushing Meadows 

p r o j e c t ,  r e f e rence  i s  made t o  Research Outl ine WCL-51, 

PROCEDURE : 

Descr ip t ion  of P ro j ec t .  The f i e l d  system c o n s i s t s  oc s i x  

h o r i z o n t a l  recharge basins ,  20 x 700 f t ,  arranged i n  two groups oJ  

t h r e e  s tepped-down bas ins  (Figure 1 )  , Secondary sewage e i f  l uen t  from 

the  Ci ty  of Phoenix i s  pumped from the  channel through a cons tan t -  

head s t r u c t u r e  i n t o  an undergrourid concre te  p ipe ,  The e f f l u e n t  then 

flows through r i s e r s  w i t h  a l f a l f a  valves i n t o  concre te  boxes from 

where i t  d ischarges  i n t o  t h e  recharge bas ins  through I i b c r g l a s ,  

t r i a n g u l a r  c r i t i c a l - d e p t h  flumes, A t  the ocher end of the  bas ins  are 
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overflow s t r u c t u r e s  t o  c o n t r o l  the water depth i n  t h e  b a s i n s ,  and 

aga in  t r i a n g u l a r  flumes t o  measure the  flow, The outflow i s  c o l l e c -  

ted i n  a  concre te  dra inage  l i n e  which r e t u r n s  the  e f f l u e n t  t o  the  

channel.  Each flume i s  equipped with a  water s t a g e  recorder  and t h e  

i n f i l t r a t i o n  r a t e  f o r  each bas in  i s  ca l cu la t ed  a s  t he  d i f f e r e n c e  

between the  inf low and outf low r a t e .  The discharge-depth r e l a t i o n -  

s h i p  f o r  t he  flumes i s  shown i n  Table 1. 

Three 6-inch observa t ion  wel l s  with nonperforated cas ing  down t o  

the  bottom were i n s t a l l e d  (Figure 1 ) .  The two wel l s  i n  the cen te r  of 

t he  p r o j e c t  a r e a  a r e  30 and 100 f t  deep and they a r e  equipped wi th  

submersible pumps. The we l l  a t  t he  e a s t  s i d e  of t h e  p l o t  a r ea  i s  

200 f t  deep. The we l l  logs  (Figure 2) show an i r r e g u l a r  succession 

of sand and g rave l  l a y e r s ,  Prom information obtained by the  U. S .  

Geological  Survey, ex tens ive  depos i t s  of c l ay  can be expected a t  a  

depth of about 230 f t .  The s t a t i c  water t a b l e  i s  12-14 f t  below the  

bas ins ,  depending on the  e l eva t ion  of the  bas in  bottom. 

The s o i l  p r o f i l e  i n  t he  bas ins  c o n s i s t s  of a  l aye r  of f i n e  sand 

1 . 3  t o  5 f t  t h i c k  with an average th ickness  of 3 f t .  Ten percent  of 

t h e  p a r t i c l e s  i n  t h i s  sand have a  diameter l e s s  than 0.06 mm and 

50% l e s s  than 0.18 mm. Based on double-tube and a i . r -en t ry  permeameter 

t e s t s ,  the  hydrau l i c  conduct iv i ty ,  K, of t he  f i n e  sand i s  1 t o  1 .5  

m/day and t h e  a i r - e n t r y  va lue  i s  about -30 cm, The f ine-sand layer  

i s  unde r l a in  by 2- t o  6-inch g rave l  and boulders  i n  almost continuous 

mat r ix  with the  space between the  g rave l  occupied by coarse  sand. 

I n f i l t r a t i o n  S tud ie s .  Maintaining a  water depth of about 18 c m  

i n  t he  bas ins  and an inf low r a t e  of about 0 , 8  c f s  per  bas in ,  i n f i 1 -  

t r a t i o n  r a t e s  were determined f o r  d i f f e r e n t  inundat ion periods and 

schedules .  Following a  1-day inundat ion on 30 August (per iod  A), 

which had t o  be d iscont inued  because of excessive se t t l emen t  of the  

supply s t r u c t u r e s ,  t he  fol lowing inundat ion periods were he ld :  
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22-27 September Period B 

3 - 6  October Period C 

12-24 October Period D 

6 November - 18 December Period E 

For a l l  inundat ion  per iods ,  t h e  bottom of t he  recharge bas ins  

was ba re  s o i l .  The beds were harrowed on 12 October with the  excep- 

t i o n  of bas in  5 .  This was done t o  determine t h e  e f f ec t iveness  of 

harrowing i n  breaking up a  s u r f a c e  c r u s t  t h a t  was formed by r a i n  on 

3 October. On 3 November, a l l  ba s ins  were harrowed aga in .  For 

per iods  B, C,  and D, a l l  s i x  bas ins  were inundated i n  the same 

manner. For per iod E, each b a s i n  was inundated according t o  a d i f -  

f e r e n t  schedule a s  fol lows (1-2 means 1 day inundat ion and 2 days 

dryup) : 

Basin Inundat ion schedule 

1 1-3 1-2, r epea t  

2  2-1 2-2, r epea t  

3 3-4, r epea t  

4 1-1 1-1 1-2 ,  r epea t  

5  5-9, r epea t  

6 5-2, r e p e a t  

The schedules f o r  per iod E were s e t  up on a  weekly b a s i s ,  s topping 

the  pump with a  t imer on Saturday and having no pumping u n t i l  the 

fol lowing Monday. The d i f f e r e n t  schedules  were s e l e c t e d  t o  d e t e r -  

mine the  e f f e c t  of d i f f e r e n t  inundat ion and dry-up per iods  on t h e  

in t ake  behavior  of t h e  bas i n s .  

I n  bas ins  2, 5, and 6 ,  pe r iod ic  measurements were made of t he  

water conten t  i n  t h e  f ine-sand l aye r  us ing  the  neutron method. Also, 

measurements of t he  tens ions  i n  the  f i n e  sand l aye r  were obtained i n  

t hese  bas ins  a t  d i f f e r e n t  depths t o  determine the  degree and ex ten t  

of s o i l  c logging.  
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Aquifer and Analog S tud ie s .  On 18 September, K below the  two 

c e n t e r  observa t ion  we l l s  was determined using the  tube-method 

technique of Kirkham and F reve r t .  

Water l e v e l s  i n  t he  two observa t ion  wel l s  were measured d a i l y ,  

during recharge per iods  B,  C and D and on s e v e r a l  days preceding and 

fol lowing these  pe r iods .  I n  conformance with the  theory,  t h e  water 

l e v e l s  dur ing  the  recharge per iods  rose  t o  pseudo-equilibrium v a l u e s ,  

To s imula te  the equi l ibr ium l e v e l s  i n  the  shal low and i n  t he  deep 

c e n t e r  observa t ion  wel l s  on the e l e c t r i c a l  r e s i s t a n c e  network analog,  

i t  was necessary t o  in t roduce  an iso t ropy  of t he  a q u i f e r .  By t r i a l  

and e r r o r ,  t he  r a t i o  of 
IChorizontal K v e r t i c a l  

was increased on the 

analog u n t i l  the  "water l e v e l  r i s e s "  on t h e  analog i n  t he  shallow and 

deep we l l  matched t h e  ones i n  the  f i e l d .  From the  i n f i l t r a t i o n  r a t e  

measured i n  t he  f i e l d  and the  e l e c t r i c a l  " intake" cu r r en t  measured on 

t h e  analog, t h e  a c t u a l  va lues  of %orizontal 
and 'ver t ica l  

could be 

computed . 
Based on previous work with the analog on ground-water mounds 

( I ) ,  the  va lue  of K f o r  an assumed i s o t r o p i c  a q u i f e r  was a l s o  d e t e r -  

mined. This technique r equ i r e s  knowledge of t h e  in t ake  r a t e  and of 

t he  pseudo-equilibrium he igh t  of the  mound. The va lue  of K i s  then 

ca l cu la t ed  us ing  a  dimensionless  parameter.  

Water Qual i ty  S t u d i e s .  Dai ly samples of ground water from the  

two cen te r  observa t ion  wel l s  and pe r iod ic  grab and 24-hr continuous 

samples from t h e  i n f l u e n t  were analyzed f o r  pH, EC, N O j ,  NH4? and 

COD. Occasional ly,  ground water samples were s e n t  t o  a  commercial 

l abora tory  f o r  determining the  MPN of co l i form b a c t e r i a .  N i t r a t e s  

were determined with t h e  bruc ine  method. The n i t r a t e  e l e c t r o d e  and 

pe rch lo r i c  ac id  techniques a r e  under s tudy and may supplant  the  

bruc ine  method. Ammonium i s  determined with the  Ness le r  technique.  
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RESULTS AND DISCUSSION: 

I n f i l t r a t i o n  S t u d i e s .  The i n f i l t r a t i o n  r a t e s  f o r  t h e  f i r s t  

5-day i n u n d a t i o n  p e r i o d  (pe r iod  B) remained f a i r l y  c o n s t a n t  wi th  t h e  

fo l lowing  v a l u e s  observed : 

B a s i n  

1 

2 

3 

4 

5  

6  

I n f i l t r a t i o n  r a t e  ( f t / d a y )  

3 . 2  

4.0 

3 . 3  

3 . 6  

3 . 9  

3 . 1  

The i n f i l t r a t i o n  r a t e s  f o r  t h e s e  p e r i o d s  were about  e q u a l  t o  t h e  

K-value o f  t h e  f i n e  s a n d .  Th is  could  be  expected,  s i n c e  t h e  h y d r a u l i c  

g r a d i e n t  i n  t h e  f i n e  sand l a y e r  should  b e  about  one,  and c logg ing  

shou ld  n o t  y e t  have o c c u r r e d .  

The second 5-day i n u n d a t i o n  p e r i o d  (pe r iod  C )  was preceded by a  

0 .5 - inch  r a i n f a l l  i n  t h e  e a r l y  morning hours  of 3 October ,  t h e  day 

i n u n d a t i o n  was t o  commence. The impact of t h e  r a i n d r o p s  and t h e  

s p l a s h i n g  e f f e c t  caused some s u r f a c e  s e a l i n g  and p o s s i b l y  d e f l o c c u l a -  

t i o n  of t h e  c l a y  f r a c t i o n .  Th is  i s  evidenced by t h e  f a c t  t h a t  t h e  

i n f i l t r a t i o n  r a t e s  f o r  t h i s  p e r i o d  s t a r t e d  o u t  a t  abou t  one-half  t h e  

f i n a l  v a l u e s  of p e r i o d  B .  Also,  t h e  i n f i l t r a t i o n  r a t e s  d u r i n g  p e r i o d  

C showed a  s l i g h t l y  d e c r e a s i n g  t r e n d ,  The fo l lowing  average  r a t e s  

f o r  pe r iod  C were observed 

Bas in  I n f i l t r a t i o n  r a t e  ( f  t / d a y )  
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P r i o r  co t h e  n e x t  r e c h a r g e  per iod  ( p e r i o d  D ) ,  t h e  b a s i n s  were 

harrowed w i t h  t h e  e x c e p t i o n  o f  b a s i n  5 t o  de te rmine  how e f f e c t i v e  

harrowing would b e  i n  b r e a k i n g  t h e  s e a l  caused by t h e  r a i n f a l l  and i n  

r e s t o r i n g  i n f i l t r a t i o n  r a t e s .  During t h e  ensu ing  12-clay i n u n d a t i o n  

p e r i o d  D ,  t h e  i n f i l t r a t i o n  r a t e s  e x h i b i t e d  a  g e n e r a l ,  r a t h e r  l i n e a r  

d e c l i n e .  The i n t a k e  r a t e s  a t  t h e  beg inn ing  and a t  t h e  end of p e r i o d  

D were a s  f o l l o w s :  

I n f i l t r a t i o n  r a t e  ( f t l d a y )  
Bas in  

f i r s t  day l a s t  day 

2.6 1.1 

3 . 2  0 . 9  

2 .6  0 . 4  

3 . 3  1 . 4  

3 . 0  0 . 9  

2 . 9  0 . 8  

The lower i n t a k e  r a t e s  f o r  b a s i n  5 ,  a s  compared t o  p rev ious  p e r i o d s ,  

i n d i c a t e  t h a t  t h e  r a i n  of 3  October had indeed caused some s e a l  and 

t h a t  harrowing was e f f e c t i v e  i n  r e s t o r i n g  t h e  i n f i l t r a t i o n  r a t e .  

Thus, a t  t h e  end o f  t h e  d r y i n g  p e r i o d  f o l l o w i n g  p e r i o d  D, a l l  b a s i n s  

were harrowed a g a i n  t o  o b t a i n  a  uniform s u r f a c e  c o n d i t i o n .  

Although growth of a l g a e  occur red  d u r i n g  t h e  r e c h a r g e  p e r i o d s  

B ,  C, and D, a  s i g n i f i c a n t  p a r t  of t h e  a l g a e  f i l m  on t h e  bottom broke  

l o o s e  a g a i n  and f l o a t e d  t o  t h e  runof f  end of t h e  b a s i n s  where i t  

c o l l e c t e d  on a  s c r e e n .  The remainder of t h e  a l g a e  d i s i n t e g r a t e d  

d u r i n g  t h e  dryup p e r i o d  s o  t h a t  each inunda t ion  p e r i o d  s t a r t e d  w i t h  

a  r e l a t i v e l y  "c lean"  bot tom.  

The i n f i l t r a t i o n  r a t e s  f o r  t h e  d i f f e r e n t  i n u n d a t i o n  schedu les  of 

p e r i o d  E a r e  shown i n  F i g u r e  3 .  The s t r i k i n g  f e a t u r e  i s  t h a t  t h e  

i n t a k e  r a t e s  showed a  g e n e r a l  d e c l i n e ,  w i t h  t h e  v a l u e s  a t  t h e  b e g i n -  

n i n g  of a  new i n u n d a t i o n  p e r i o d  l e s s  t h a n  t h o s e  a t  t h e  end o f  t h e  

preceding i n u n d a t i o n  p e r i o d .  The onLy e x c e p t i o n  t o  t h i s  i s  b a s i n  5 ,  
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where t h e  dryup t imes  were t h e  l o n g e s t ,  i . e . ,  9 days ,  and where some 

r e s t o r a t i o n  of t h e  i n f i l t r a t i o n  r a t e  took p l a c e  d u r i n g  t h e  dryups ,  

However, t h e  i n f i l t r a t i o n  r a t e s  were never  r e s t o r e d  t o  t h e  h i g h  

v a l u e s  a t  t h e  beg inn ing  o f  t h e  p rev ious  i n t a k e  i n u n d a t i o n  p e r i o d .  

The p r o f i l e  d r a i n a g e  due t o  g r a v i t y  was r e l a t i v e l y  r a p i d .  For 

example, F i g u r e  4 shows t h a t  most o f  t h e  d r a i n a g e  took p l a c e  w i t h i n  

48 hours  a f t e r  t h e  b a s i n  became d r y .  S i m i l a r  o b s e r v a t i o n s  were made 

f o r  t h e  o t h e r  b a s i n s .  The l a c k  of recovery  i n  t h e  i n f i l t r a t i o n  r a t e s  

was, t h e r e f o r e ,  p robab ly  caused by growth of a l g a e  and o t h e r  

organisms on t h e  bottom of t h e  b a s i n s ,  During t h e  coo l ,  w i n t e r  

weather ,  dryup t imes from I t o  4 days were n o t  s u f f i c i e n t  t o  y i c l d  a  

"dry" s u r f a c e .  Thus, t h e  a l g a e  remained v i a b l e  and i n t a k e  r a t e s  

con t inued  t o  d e c l i n e .  Lack of d r y i n g  was e s p e c i a l l y  s e v e r e  d u r i n g  

t h e  l a s t  few days  of p e r i o d  E ,  when a  t o t a l  of 4 .7  inches  of r a i n  

f e l l  i n  about  a  week. Because of t h e  a l g a e  accumulat ion on Lhe 

bottom of t h e  b a s i n s  and because  of sediment  t h a t  had e n t e r e d  t h e  

b a s i n s  from t h e  e f f l u e n t  channe l  and t h e  banks o f  t h e  b a s i n s  due t o  

t h e  s e v e r e  r a i n f a l l ,  p e r i o d  E was t e rmina ted  on 1 9  December. At. t h i s  

t ime, t h e  i n t a k e  r a t e s  were between 0 . 5  and l f t / d a y ,  whereas they 

ranged between 2 and 3 f t / d a y  a t  t h e  beg inn ing  o f  p e r i o d  E .  

The d a t a  i n  F i g u r e  3 i n d i c a t e  t h a t  t h e  a c t u a l  s c h e d u l e  of the 

inunda t ions  d i d  n o t  a f f e c t  t h e  i n f i l t r a t i o n  r a t e s  v e r y  much. An ex-  

c e p t i o n  i s  t h e  5-9 s c h e d u l e  f o r  b a s i n  5, which y i e l d e d  somewhat 

h i g h e r  i n t a k e  r a t e s  a t  t h e  beg inn ing  of t h e  i n u n d a t i o n  p e r i o d s .  How- 

e v e r ,  t h e  i n t a k e  r a t e s  decreased  r a t h e r  s e v e r e l y  d u r i n g  t-hc 

inunda t ion ,  s o  t h a t  t h e  i n t a k e  r a t e s  a t  t h e  end oE an i n u n d a t i o n  

p e r i o d  f o r  b a s i n  5 were about  t h e  same a s  f o r  t h e  o t h e r  b a s i n s .  

Thus, a  wet s c h e d u l e  such a s  t h a t  of b a s i n  6 can be  expecced t o  y i e l d  

h i g h e r  q u a n t i t i e s  of r e c h a r g e  wate r  over  a c e r t a i n  p e r i o d  of t ime 

than  d r y e r  s c h e d u l e s  such a s  t h o s e  of b a s i n s  l and 5 .  

F i g u r e s  5,  6 ,  and 7 show t h a t  t h e  p r e s s u r e s  i n  t h e  f ine -sand  

l a y e r  e x h i b i t  a  d e c r e a s i n g  t r e n d .  For b a s i n s  2 and 6 ,  c h i s  d e c r e a s e  
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occurred g radua l ly  from one inundat ion t o  the next  with l i t t l e  

decrease  during t h e  inundat ion per iod .  For b a s i n  5,  however, t he re  

was a  pronounced p re s su re  decrease  dur ing  each inundat ion per iod .  

Comparison of F igures  5, 6 and 7 wieh Figure 3 shows t h a r  the  

behavior  i n  p re s su re  p a r a l l e l e d  t h a t  i n  t h e  i n t ake  r a t e s ,  which 

po in t s  t o  t h e  conclusion t h a t  t he  reduc t ion  i n  i n t a k e  r a t e  i s  mainly 

caused by a  permeabi l i ty  decrease  of t h e  s u r f a c e  s o i l  (a p r e s su re  

i nc rease  accompanying an i n t a k e - r a t e  decrease  would po in t  t o  a  per-  

meab i l i t y  decrease  of s o i l  l aye r s  below the  tensiometer  dep ths ) .  

Fu r the r  evidence t h a t  t h i s  i s  s o  i s  presented i n  Figure 8 ,  which 

shows how t h e  i n t a k e  r a t e  and the  K-values f o r  t h e  d i f f e r e n t  s o i l  

l aye r s  decrease  wi th  time f o r  b a s i n  2. The K-values were obtained 

from t h e  p re s su re  measurements a t  d i f f e r e n t  depths  as  shown i n  Figure 

5 and the  average i n t ake  r a t e s f o r  t h e  bas in  a s  shown i n  Figure 3, 

us ing  Darcy 's  equa t ion .  The curves i n  F igure  8 show t h a t  K of t he  

20- t o  100-cm l a y e r  i s  almost equa l  t o  t h e  i n t ake  r a t e .  Thus, t he  

hyd rau l i c  g r a d i e n t  i n  t h i s  l a y e r  was about u n i t y  f o r  t h e  e n t i r e  

pe r iod .  Discarding the  po in t s  f o r  t h e  l a s t  day (19 December) because 

of pos s ib l e  e r r o r s  i n  t h e  i n t a k e  r a t e  due t o  t h e  heavy r a i n f a l l ,  t he  

r e l a t i v e  I<-reduction f o r  t h e  0- t o  10-cm l aye r  was about twice t ha t  

f o r  t he  20- t o  100-cm l a y e r .  The r e l a t i v e  K-reduction i n  the  10- t o  

20-cm l aye r  was about t h r e e  t imes l e s s  than t h a t  i n  t h e  0- t o  10-cm 

l a y e r .  Thus, F igure  8 shows conc lus ive ly  t h a t  t h e  s o i l  p r o f i l e  was 

clogging a t  t h e  top .  This  reduced t h e  i n f i l t r a t i o n  r a t e  and y i e lded  

unsa tu ra t ed  flow a t  u n i t  g r a d i e n t  below t h e  clogged s u r f a c e  l aye r .  

S imi l a r  r e s u l t s  were obtained f o r  ba s in s  5 and 6 .  

The i n f i l t r a t i o n  r a t e  f o r  ba s in  2  f o r  per iod  B was 4 f t / d a y .  

Because u n i t  g r a d i e n t  and absence of clogging could be expected f o r  

t he  f ine-sand l aye r  dur ing  per iod B ,  t he  K-value a t  zero o r  p o s i t i v e  

p re s su re s  can be taken a s  t h e  same va lue ,  o r  4 f t / d a y .  S e l e c t i n g  t h e  

K-values f o r  t h e  20- t o  100-cm l a y e r  from Figure  8 and the  correspond- 

ing  nega t ive  p re s su re s  from Figure  5 ,  t he  r e l a t i o n s h i p  between K and 
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n e g a t i v e  p r e s s u r e  cou ld  b e  de te rmined .  The r e s u l t i n g  curve  i s  shown 

i n  F i g u r e  9 .  

Combining t h e  t e n s i o m e t e r  and wate r  c o n t e n t  r e a d i n g s  y i e l d e d  

F i g u r e  10, which shows t h e  wa te r  c o n t e n t - p r e s s u r e  head r e l a t i o n s h i p  

a t  t h r e e  d e p t h s  i n  b a s i n  5 .  

Aqui fe r  and Analog S t u d i e s .  The r e s u l t s  o f  t h e  tube-method 

t e s t s  on t h e  two c e n t e r  w e l l s  were a s  f o l l o w s :  

E a s t  c e n t e r  w e l l  (30 f t  deep) K = 8 . 9  f t / d a y  

West c e n t e r  w e l l  (100 Er deep) K = 158 f t / d a y  

The low v a l u e  f o r  K of t h e  e a s t  c e n t e r  w e l l  i s  p robab ly  due t o  an 

accumulat ion of s e v e r a l  f e e t  o f  " f i n e s "  t h a t  h a s  been a t  t h e  bottom 

of  t h i s  w e l l  e v e r  s i n c e  i t  was i n s t a l l e d .  The K-value f o r  t h e  west 

c e n t e r  w e l l  compares f a v o r a b l y  w i t h  t h e  K-values e v a l u a t e d  from t h e  

mound behav ior  a s  shown i n  t h e  fo l lowing  paragraphs  

For p e r i o d  B, t h e  average  i n t a k e  r a t e  f o r  t h e  b a s i n s  was 

3 . 5  f t / d a y .  Thus, f o r  t h e  g r o s s  a r e a ,  i n c l u d i n g  t h e  d i k e s  between 
12' 

X 3.5 = 1 . 9  € t i d a y .  t h e  b a s i n s ,  t h e  average  i n t a k e  r a t e  was - 
220 

The wate r  l e v e l  r i s e  t o  t h e  pseudo-equ i l ib r ium l e v e l  f o r  t h i s  pe r iod  

was 2.7 f t  i n  t h e  ( sha l low)  e a s t  c e n t e r  w e l l  and 0 .7  f t  i n  t h e  (deep) 

west  c e n t e r  w e l l .  To s i m u l a t e  t h e s e  r i s e s  on t h e  r e s i s t a n c e  network 

ana log ,  a n i s o t r o p y  w i t h  I ~ o r i z o n t a l  ' K v e r t i c a l  
had t o  b e  i n t r o d u c e d .  

The r a t i o  o f  
%or  K v e r t  

was i n c r e a s e d  on t h e  ana log  u n t i l  t h e  

wa te r  l e v e l  r i s e s  i n  t h e  s h a l l o w  and deep w e l l  were c o r r e c t l y  simu- 

l a t e d .  T h i s  was t h e  c a s e  when I 
\o r  

was e q u a l t o  16K . Comparing 
v e r  t  

t h e  e l e c t r i c a l  " recharge"  r a t e  wi th  t h e  observed i n t a k e  r a t e  of - 

1 . 9  f t / d a y  y i e l d e d  a  v a l u e  of 388 ft /clay f o r  
%or  

and 24 f t / d a y  f o r  

- 
K v e r t  

. The e q u i v a l e n t  i s o t r o p i c  h y d r a u l i c  concluct iv i ty ,  I<, f o r  t h e  

a q u i f e r  i s  f i 4  x 388 = 97 f t / d a y .  The flow system f o r  t h e  r e c h a r g e  

system i s  shown i n  F i g u r e  11, where t h e  s t rea rnf ines  were c o n s t r u c t e d  

a s  e q u i p o t e n t i a l s  a f t e r  reversal .  of  t h e  boundary c o n d i t i o n s .  
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The ana log  showed t h a t  t h e  wa te r  p r e s s u r e  r i s e  a t  t h e  c e n t e r  of 

t h e  b a s e  of t h e  ground wate r  mound was 3 . 5  f t  above t h e  s t a t i c  wa te r  

t a b l e .  Assuming v e r t i c a l  f low i n  t h e  c e n t e r  r e g i o n  o f  the  ground 

wate r  mound above t h e  s t a t i c  w a t e r  t a b l e ,  t h e  r i s e  hc of t h e  c e n t e r  

o f  t h e  ground wate r  mound i s  c a l c u l a t e d  accord ing  t o  D a r c y ' s  e q u a t i o n  

- 
According t o  p rev ious  work (I), t h e  K-value of t h e  a q u i f e r  can a l s o  

b e  c a l c u l a t e d  from t h e  v a l u e  of h  and t h e  average  i n t a k e  r a t e .  Th i s  
C 

procedure  u t i l i z e s  a dimens i o n l e s s  parameter  e v a l u a t e d  by ana log  (I)  . 
The v a l u e  of t h i s  pa ramete r  f o r  t h e  F l u s h i n g  Meadows p r o j e c t  geometry 

i s  1.17 ( a s  e v a l u a t e d  from F i g u r e  7  i n  (1)). The r e s u l t i n g  equa t ion  

i s  

from which I< i s  c a l c u l a t e d  a s  96 f t l d a y .  The agreement between t h i s  

v a l u e  of k and t h e  97 f t l d a y  c a l c u l a t e d  from I kor and K s e r v e s  3s  
v c r t  

a  computional check on t h e  v a l i d i t y  of t h e  two independent  p rocedures .  

The h i g h  d e g r e e  o f  a n i s o t r o p y  i s  undoubtedly  caused by t h e  

s u c c e s s i o n  of sand and g r a v e l  l a y e r s  i n  t h e  a q u i f e r .  The v e r y  h i g h  

v a l u e  of t h e  h o r i z o n t a l  h y d r a u l i c  c o n d u c t i v i t y  i s  ex t remely  advan- 

tageous  f o r  ground-water r e c h a r g e  i n  t h a t  i t  a s s u r e s  r a p i d  l a t e r a l  

d i s p o s a l  of t h e  r e c h a r g e  wate r  whi le  o n l y  g i v i n g  r e l a t i v e l y  smal l  
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r i s e s  of the ground-water mound. The v e r t i c a l  hydraul ic  conduct iv i ty ,  

although cons iderably  smal le r  than the  h o r i z o n t a l  hydraul ic  conduc- 

t i v i t y ,  i s  s t i l l  s u f f i c i e n t l y  l a r g e  i n  r e l a c i o n  t o  t he  i n f i l t r a t i o n  

r a t e s  t o  avoid s i g n i f i c a n t  mound bui ldups ,  Thus, high recharge r a t e s  

and r e l a t i v e l y  c l o s e l y  spaced recharge bas ins  can be employed without  

causing waterlogging of t h e  s o i l  beneath t h e  b a s i n s ,  

Water Qual i ty  S tud ie s .  The r e s u l t s  of t he  a n a l y s i s  of the  water 

samples a r e  summarized i n  Table 2 .  Presented i n  t h i s  t a b l e  a r e  t h e  

lowest and h ighes t  va lues  observed and the  averages up t o  31  December. 

The TDS content  of t h e  n a t i v e  ground water i s  about 1600 ppm f o r  t he  

e a s t  c e n t e r  wel l  and about 2200 ppm f o r  t he  west c e n t e r  we l l .  This 

compares wi th  about 850 ppm f o r  the  sewage e f f l u e n t  o r  t he  Flushing 

Meadows " in f luen t . "  Thus, TDS can be used a s  a  t r a c e r  t o  determine 

when the  n a t i v e  ground water i s  d i sp laced  by renovated warer.  For 

t he  (shallow) e a s t  c e n t e r  wel l ,  t h i s  took p lace  dur ing  the  month of 

September. On the  30th of August, t he  TDS content  i n  the e a s t  cen te r  

wel l  water was 1800 ppm. On 20 September, i t  was 1400 ppm and on 

1 October i t  was 900 ppm. From t h i s  da t e  on, t he  TDS content  s tayed 

around 900 ppm. For the  deep wel l ,  the  s a l t  conten t  remained above 

2000 ppm and by t h e  end of January, n a t i v e  ground water was not  y e t  

replaced by renovated water .  The de lay  i n  a r r i v a l  of renovated water 

a t  the  bottom of t he  west c e n t e r  wel l  i s  due t o  t h e  very slow flow 

v e l o c i t i e s  i n  t he  v i c i n i t y  of t h e  bottom of the deep wel l ,  a s  shown 

by the  flow system of Figure 11. It i s  of i n t e r e s t  t o  note  t h a t  t he  

ammonium and n i t r a t e  conten ts  f o r  t h e  e a s t  cen te r  we l l  a r c  lower f o r  

t h e  renovated water than f o r  the  n a t i v e  ground water .  The COD-values 

remained about the  same a f t e r  the  a r r i v a l  of renovated water ,  

For the  e a s t  c e n t e r  wel l ,  two d i s t i n c t  waves in the  n i t r a t e  

content  could be  observed.  One wave, with values i n  excess of 10 ppm 

N occurred from 12-20 October. The second, with values i n  excess  of 

10 ppm and reaching between 20 and 25 ppm f o r  s e v e r a l  days, was from 

12 t o  20 October. I n  both cases ,  these  n i t r a t e  waves occurred s h o r t l y  

Annual Report of the U.S. Water Conservation Laboratory



a f t e r  t h e  s t a r t  o f  an i n u n d a t i o n  p e r i o d  f o l l o w i n g  a  r a t h e r  prolonged 

dryup.  Apparent ly ,  d u r i n g  t h e  dryup t h e  f l u i d  r e t a i n e d  i n  t h e  s o i l  

p r o f i l e  a f t e r  g r a v i t y  d r a i n a g e  underwent a  r e l a t i v e l y  complete 

a e r o b i c  d i g e s t i o n ,  which could  l e a d  t o  n i t r a t e  c o n t e n t s  of 30 ppm N 

o r  more. When r e c h a r g e  was s t a r t e d  aga in ,  t h i s  n i t r i f i e d  f l u i d  was 

"pushed down" by t h e  new i n f i l t r a t i n g  wate r  t o  r e a c h  t h e  ground wate r  

and t h e  sha l low o b s e r v a t i o n  w e l l ,  A f t e r  passage  of t h e  n i t r a t e  wave 

t h e  d e c r e a s e  in  t h e  n i t r a t e  c o n t e n t  was n o t  accompanied by an  i n -  

c r e a s e  i n  t h e  ammonium c o n t e n t .  It i s  of i n t e r e s t  t o  de te rmine  

whether t h i s  i s  due t o  d e n i t r i f i c a t i o n  o r  t o  incomplete  m i n e r a l i z a -  

t i o n  and an i n c r e a s e  i n  t h e  o r g a n i c  n i t r o g e n  c o n t e n t .  For t h i s  

r eason ,  d e t e r m i n a t i o n  of o r g a n i c  n i t r o g e n  w i t h  t h e  K j e l d a h l  a p p a r a t u s  

w i l l  b e  inc luded  i n  t h e  r o u t i n e  a n a l y s i s  i n  t h e  n e a r  f u t u r e .  

Presumptive  c o l i f o r m  t e s t s  on samples from t h e  e a s t  c e n t e r  w e l l  

and t h e  west  c e n t e r  w e l l  were performed p e r i o d i c a l l y  by a  p r i v a t e  

l a b o r a t o r y  i n  Phoenix,  Apparent ly ,  when t h e  w e l l s  were i n s t a l l e d ,  

t h e  w e l l  d r i l l e r  used e f f l u e n t  from t h e  channel  i n  t h e  d r i l l i n g  

o p e r a t i o n .  Thus, d e s p i t e  numerous f  l u s h i n g s  of t h e  w e l l s ,  i n i t i a l l y ,  

MPN v a l u e s  of 5 . 1  and 9 . 2  pe r  100 m l  were o b t a i n e d  i n  a d d i t i o n  t o  

samples t h a t  were n e g a t i v e .  During the  month of September, t h e  e a s t  

c e n t e r  w e l l  y i e l d e d  MPN v a l u e s  of 2.2 and l e s s  t h a n  2 . 2  pe r  100 m l .  

The west  c e n t e r  w e l l  y i e l d e d  NPN v a l u e s  of 2 .2  o r  l e s s  i n  October .  

On 3 October,  t h e  e a s t  c e n t e r  w e l l  y i e l d e d  a  MPN of 9 . 2  pe r  100 m l .  

On I1 October,  it  was 16 p e r  100 m l ,  and on t h r e e  o t h e r  d a t e s  i n  

October i t  was r e p o r t e d  a s  i n f i n i t y ,  This  was due t o  t h e  f a c t  t h a t  

t h e  p r i v a t e  l a b o r a t o r y  d i d  n o t  u s e  s u f f i c i e n t  d i l u t i o n s ,  so  t h a t  

a l l  t u b e s  were p o s i t i v e ,  y i e l d i n g  an  MPN of i n f i n i t y ,  To g e t  more 

a c c u r a t e  MPN v a l u e s ,  t h e  coliEorm t e s t s  a r e  now be ing  done i n  our  own 

l a b o r a t o r y .  The presumptive  t e s t  w i l l  be  fol lowed by t h e  Eijlcman 

e l e v a t e d  t empera tu re  t e s t  t o  de te rmine  whether t h e  c o l i f o r m  b a c t e r i a  

a r e  of f e c a l  o r  o f  s o i l  o r i g i n .  T e s t s  performed on samples t aken  i n  

t h e  week of 15-19 January ,  1968 y i e l d e d  MPN-values of 13 t o  79  pe r  
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100 m l  f o r  the e a s t  cen te r  wel l  and 2 per  100 ml f o r  t he  west c e n t e r  

we l l ,  The Eijkman t e s t s  were a l l  nega t ive ,  i n d i c a t i n g  t h a t  t he  

b a c t e r i a  were of s o i l  and not  of f e c a l  o r i g i n ,  I n  c o n t r a s t  t o  t h i s ,  

t he  MPN of the  secondary sewage e f f l u e n t  was 700,000 per  100 m l  and 

the  Eijkman t e s t  was p o s i t i v e ,  

SUMMARY AND CONCLUSIONS : 

Construct ion of t h e  Flushing Meadows p r o j e c t ,  which i s  an ex- 

perimental p r o j e c t  t o  determine f e a s i b i l i t y  and management E r t r  

optimum performance of a  ground-water recharge system f o r  renovat ion 

and reuse  of secondary sewage e f f l u e n t ,  was completed in  August 1967. 

The p r o j e c t  c o n s i s t s  b a s i c a l l y  of s i x  p a r a l l e l ,  h o r i z o n t a l  recharge 

bas ins ,  20 x 700 f t  each and spaced 20 f t  a p a r t .  Conscant depth (7 

inches,  so  f a r )  i s  maintained i n  t he  bas ins  and i n f i l t r a t i o n  r a t e s  

a r e  determined from the  inf low and outflow r a t e s  a s  measured with 

f i b e r g l a s ,  t r i a n g u l a r  c r i t i c a l - d e p t h  flumes. The s t a t i c  ground-water 

t a b l e  i s  about 13 f t  below the  bottom of t he  b a s i n s .  Two wel l s ,  one 

of 30 f t  and one of 100 f t  depth and both cased t o  the bottom, were 

i n s t a l l e d  i n  t he  c e n t e r  of  t he  p ro j ec t  a rea  t o  measure water l e v e l  

r i s e s  and t o  o b t a i n  samples of the  ground water f o r  chemical and 

b a c t e r i o l o g i c a l  a n a l y s i s .  The s o i l  beneath t h e  bas ins  c o n s i s t s  of 

about 3 f t  of f i n e ,  loamy sand, under la in  by a  succession of g rave l  

and sand l aye r s  t o  a  depth of 230 f t  where a  c l ay  depos i t  begins.  

D i f f e r e n t  inundat ion periods and schedules  of inundat ion and 

dryups were employed t o  determine the  i n f i l t r a t i o n  and clogging 

behavior  of t he  bas ins  under condi t ions  of ba re  s o i l .  During these  

per iods ,  t h e  i n f i l t r a t i o n  decreased from a  range of 3 t o  4 f t / d a y  

i n  September t o  a  range of 0 .5  t o  I f t / d a y  i n  December, R a i n f a l l  

during dryups had a  d e f i n i t e  decreas ing  e f f e c t  on the  i n f i l t r a t i o n  

r a t e  and harrowing t o  break up the  su r f ace  c r u s ~  was e f f e c t i v e  i n  r e -  

s t o r i n g  the in t ake  r a t e s .  Tensiometer readings obtained a t  d i f f e r e n t  

depths i n  t he  f ine-sand l aye r  showed conclus ive ly  t h a t  t h e  o v e r a l l  
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d e c l i n e  in  t he  i n f i l t r a t i o n  r a t e  was due t o  clogging of the  s u r f a c e  

layer  of t he  s o i l .  Two reasons f o r  t h i s  c logging can be brought 

forward, (1) growth of a lgae  and o the r  organisms on t h e  bottom during 

inundat ion,  and (23 s e t t l i n g  of suspended m a t e r i a l  i n  the  e f f l u e n t ,  

Although the  dryup per iods  were adequate t o  o b t a i n  e s s e n t i a l l y  com- 

p l e t e  g r a v i t y  dra inage  of t he  s o i l  p r o f i l e ,  they were not  s u f f i c i e n t l y  

long t o  produce a  "dry" su r f ace  condi t ion ,  p a r t i c u l a r l y  i n  cooler  

weather.  Thus, t h e  a lgae  and o the r  organisms remained v i a b l e  and 

r e s t o r a t i o n  of i n t a k e  r a t e s  t o  o r i g i n a l  l e v e l s  was not  accomplished, 

The s e t t l i n g  of suspended m a t e r i a l  from the  e f f l u e n t  was p a r t i c u l a r l y  

severe  i n  December 1967 and January 1968, when t h e  e f f l u e n t  i n  t h e  

channel was b lack  and of poor q u a l i t y ,  probably due t o  turnover  i n  

t he  1 1 /2  mi le  of e f f l u e n t  channel between the sewage t reatment  plant- 

and the  p r o j e c t  a r e a .  

Several  weeks of dryup were necessary i n  the  wintry season t o  

dry the  bottom, The s ludge l aye r  d r i ed  up i n  cur led  f l a k e s  1 t o  6 

inches i n  s i z e .  It i s  planned t o  remove these  f l a k e s  by hand raking 

and t o  i n s t a l l  g r ave l  f i l t e r  P'dams"across each bas in  about 50 Ee- 

from the  inf low s i d e .  It i s  a n t i c i p a t e d  t h a t  t he  s e t t l i n g  bas in  

c r ea t ed  i n  t h i s  manner between the  inflow s i d e  and the g rave l  darn, 

and t h e  f i l t e r i n g  a c t i o n  of t he  dam i t s e l f  w i l l  keep "macro" sus-  

pended m a t e r i a l  out  of t he  recharge bas ins .  

Prom the  i n f i l t r a t i o n  r a t e s ,  t he  tensiometer  readings,  and the  

water content  de te rmina t ions  with the  neutron method, hydrau l i c  

conduct iv i ty  and water conten t  c h a r a c t e r i s t i c s  of t he  f ine-sand l aye r  

could be eva lua ted .  These c h a r a c t e r i s t i c s  w i l l  b e  of va lue  i n  f u t u r e  

t h e o r e t i c a l  and l abo ra to ry  work regard ing  fundamental a spec t s  of t h e  

problem of i n t e r m i t t e n t  inundat ion with low qualiLy water .  

Hydraulic conduct iv i ty  of the  a q u i f e r  was evaluated by tube- 

method t e s t s  on t h e  shal low and deep well ,  which y ie lded  hydraul ic  

conduct iv i ty  va lues  of 8 . 9  and 158 f t l d a y  r e s p e c t i v e l y .  The Pow 

va lue  f o r  the  e a s t  c e n t e r  we l l  i s  probably due t o  an accumulation 
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of s e v e r a l  f e e t  of f i n e s  a t  t he  bottom. Hydraul ic  conduc t iv i t y  of 

t h e  a q u i f e r  was a l s o  eva lua ted  from t h e  r i s e  of t h e  water  l e v e l s  i n  

t he  shal low and deep we l l s  i n  r e l a t i o n  t o  t h e  average i n f i l t r a t i o n  

r a t e  f o r  t he  s i x  b a s i n s .  Because r i s e s  i n  t h e  p iezomet r ic  head were 

known a t  two d i f f e r e n t  depths  below t h e  ground water ,  t h e  an iso t ropy  

of t h e  a q u i f e r  could be  eva lua ted  wi th  t h e  e l e c t r i c a l  r e s i s t a n c e  n e t -  

work analog us ing  a  t r i a l - a n d - e r r o r  procedure.  The r e s u l t i n g  va lues  

were 388 f t / d a y  f o r  t he  h o r i z o n t a l  hyd rau l i c  conduc t iv i t y  and 24 

f t l d a y  f o r  t he  v e r t i c a l  hyd rau l i c  conduc t iv i t y .  From these  va lues ,  

t h e  equiva len t  hyd rau l i c  conduc t iv i t y  a s  i f  the  a q u i f e r  were 

i s o t r o p i c  i s  c a l c u l a t e d  a s  97 f t l d a y .  This i s  i n  e x c e l l e n t  agreement 

with the  va lue  of 96 f t / d a y  obtained with a  d i f f e r e n t  procedure u s ing  

dimensionless  parameters eva lua ted  prev ious ly  wi th  t he  analog t o  

determine hyd rau l i c  conduc t iv i t y  of a q u i f e r s  from t h e  semi-equi l i -  

brium p o s i t i o n  of t h e  ground-water mound and the  corresponding 

recharge  r a t e .  

The very h igh  h o r i z o n t a l  hyd rau l i c  conduc t iv i t y  and a  v e r t i c a l  

conduc t iv i t y  t h a t  i s  a  m u l t i p l e  of t h e  recharge  r a t e s  render  t h e  

a q u i f e r  extremely s u i t a b l e  f o r  ground-water recharge .  Nigh recharge  

r a t e s  and r e l a t i v e l y  c l o s e l y  spaced bas in s  can be  employed without 

danger of water logging t h e  s o i l  beneath t h e  b a s i n s  and l o s s  of t he  

ae rob ic  p e r c o l a t i o n  zone. For t h e  geometry of t h e  Flushing Meadows 

p r o j e c t ,  the  pseudo-equi l ibr ium p o s i t i o n  of t h e  ground-water mound 

was 3.8 f t  above t h e  s t a t i c  water  t a b l e  f o r  a  recharge  r a t e  of 3.5 

f t / d a y  from t h e  b a s i n s .  

Because t h e  s a l t  con ten t  of t he  e f f l u e n t  i s  only about  one-half 

(900 ppm) of t h a t  of t h e  n a t i v e  ground water a t  t he  p r o j e c t  a r ea  

(1800-2200 ppm), t h e  s a l t  conten t  of t h e  water samples from t h e  we l l s  

was used a s  an i n d i c a t o r  t o  determine when n a t i v e  ground water was 

rep laced  by renovated water .  For t h e  shal low we l l ,  t h i s  occurred a  

few weeks a f t e r  recharge  was s t a r t e d .  For t h e  deep we l l ,  n a t i v e  

ground water s t i l l  had no t  been rep laced  by renovated water  a t  the 
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time of t h i s  r e p o r t  (31 January 1968).  The slow response i n  the  deep 

we l l  i s  due t o  t he  an iso t ropy  of t he  aqu i f e r ,  which causes very low 

i n t e n s i t y  of t h e  flow i n  the  deeper reg ions  of t h e  a q u i f e r  below t h e  

bas in  a r e a .  For t he  shallow wel l ,  t he  renovated water has a  lower 

n i t r a t e  conten t  than the  n a t i v e  water (8 versus  13 ppm N), a  lower 

ammonium content  (0.5 versus  3 ppm N ) ,  a  lower s a l t  concent ra t ion  

(900 versus 1800 ppm), about t he  same chemical oxygen demand (15 ppm), 

about t he  same pH (8 .1) ,  and a  h igher  col i form count (MPN of about 

20 versus  l e s s  than  2 per  100 ml) .  The Eijkman t e s t  i nd ica t ed ,  how- 

ever ,  t h a t  t h e  co l i form b a c t e r i a  were of s o i l  r a t h e r  than of f e c a l  

o r i g i n .  Thus, t h e  a n a l y s i s  of water i n  t he  shallow we l l  showed t h a t  

the  ob jec t ives  of t h e  p r o j e c t ,  i. e . ,  removal of biodegradable 

m a t e r i a l  and pathogenic organisms (absence of E .  c o l i ) ,  were accom- 

p l i shed .  

Waves i n  t he  n i t r a t e  conten t ,  with one peak a s  h igh  a s  27 ppm N 

were observed on two occasions a t  t h e  beginning of a  recharge  period 

following an extended dryup. This was probably due t o  complete 

n i t r i f i c a t i o n  of t h e  "water" r e t a ined  i n  t he  s o i l  p r o f i l e  during the  

dryup per iod .  To determine whether subsequent decreases  i n  the  

n i t r a t e  content  without  p a r a l l e l  increases  i n  t he  ammonium content  

a r e  due t o  d e n i t r i f i c a t i o n  o r  t o  presence of organic  n i t rogen ,  

Kjeldahl  t e s t s  w i l l  be  included i n  the  rou t ine  ana lyses .  

PERSONNEL: Herman Bouwer and Robert C .  Rice 
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Table  1, Depth ( f e e t )  v e r s u s  d i s c h a r g e  ( c f s )  f o r  F l u s h i n g  Meadows f lumes,  
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Table 2 ,  Chemical parameters of i n f l u e n t  and ground water .  

ave 

7,235 

8.15 

8,12 

8.04 

-- 
range range 

- 

7.60-8,12 

8 , l l -8 .19  

7 -45-8,80 

7,42-8,58 

range ave range ave 

e t East cen te r  wel l  
j (na t ive  water )  
$ 
i 

1 E a s t  c en te r  well. 
I 
; (renovated water )  

L n i  i" 

I 8 l$es t cen te r  -well 1 ( na t ive  water )  

* ppm 

Annual Report of the U.S. Water Conservation Laboratory



line 

constant head s 

Measuring 
f lusne 

Schematic of Flushing Meadows Project, Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



0,6" 
-a 

F i g u r e  3 .  I n t a k e  r a t e s  i n  f t / d a y  (numbers above l i n e s )  f o r  d i f f e r e n t  i n u n d a t i o n  p e r i o d s  
( h o r i z o n t a l  l i n e s )  d u r i n g  p e r i o d  E. ~ ~ o u n t s  o f  r a i n  a r e  a l s o  shown. 
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Water content ,  volume f r a c t i o n  

Figure 4 ,  Water content  p r o f i l e  of the f ine-sand l aye r  a t  t h e  e a s t  end of bas in  5 ,  The 
numbers on the curves r e f e r  t o  t he  hours e lapsed  a f t e r  the  basin became d ry ,  
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F i g u r e  5 A ,  P r e s s u r e  head i n  cm water  a t  10- and 20-cm d e p t h  i n  b a s i n  2, 
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Figure 5 B .  Pressure  head i n  cm water a t  50- and 100-cm depth i n  bas in  2 .  
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F i g u r e  6A. P r e s s u r e  head i n  cm w a t e r  a t  20-and 20-cm d e p t h  i n  b a s i n  5. 
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F i g u r e  6B, P r e s s u r e  head i n  c m  w a t e r  a t  40- and 60-cm d e p t h  i n  b a s i n  5 ,  
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Nov 

Figure 7 A ,  Pressure head in cm water at 10- and 20-cm depth in basin 6. 
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* _ L  I .  

Basin No, 6 

Figure 7B. Pressure head i n  crn water  a t  40- and 60-cm depth i n  bas in  6. 
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December 3.967 
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Pressure head a t  100-cm depth  i n  cm water  

Figure 9. Re la t ion  between K and pressure  head f o r  t h e  20 - to  100-cm s o i l  l a y e r  of bas in  2.  
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m s h i p  at three 
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Figure  11,' Flow system below wate r  t a b l e  o b t a i n e d  by ana log  f o r  p e r i o d  B. The bottom 
of  t h e  sha l low and t h e  deep w e l l  i n  t h e  c e n t e r  o f  t h e  p l o t  a r e a  a r e  i n d i c a t e d  
by A and B, r e s p e c t i v e l y ,  
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APPENDIX XI 

SUMMATION OF IMPORTANT FINDINGS 

SWC W 4  gG-1 Methods for water quality improvement and its storage 

underground. 

A computational technique has been developed for evaluating 

horizontal and vertical hydraulic conductivity of aquifers below 

ground water recharge installations. Field measurements required 

involve only the infiltration rate and piezometric pressure changes 

at two different depths in the aquifer. The method was confirmed 

with electrical analog studies. HorizonLal and vertical conductivity 

at an experimental field site were found to be 388 and 24 ft/day, 

respectively, showing that the aquifer will permit high intake rates 

over large areas without excessive water table rise. This finding 

was confirmed with other field measurements. The method will be of 

considerable value in evaluating proposed ground water recharge 

sites. (WCL-51). 

AII- 1 
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SWC W7 gG-2 E v a l u a t i o n  and c o n t r o l  of seepage from wate r  s t o r a g e  

and conveyance s t r u c t u r e s .  

A s p h a l t  emuls ions  have been shown t o  be u s e f u l  a s  waterborne 

s e a l a n t s  f o r  r e d u c i n g  seepage l o s s e s  from s m a l l  r e s e r v o i r s .  Seepage 

r e d u c t i o n  of 99% h a s  been o b t a i n e d  i n  o p e r a t i o n a l  r e s e r v o i r s  by 

add ing  1 g a l l o n  o f  emulsion p e r  s q u a r e  yard of s u r f a c e  a r e a  t o  water  

i n  t h e  r e s e r v o i r s .  S u c c e s s f u l  t r e a t m e n t s  shou ld  be  o b t a i n e d  i E  t h e  

f o l l o w i n g  requ i rements  a r e  met:  (1) t h e  emulsion must be h i g h l y  

s t a b l e  and i n f i n i t e l y  d i l u t a b l e  i n  wa te r ,  ( 2 )  s o i l s  t o  be t r e a t e d  

must be non-expansive,  (3)  p r e t r e a t m e n t  seepage r a t e s  a r e  g r e a t e r  

t h a n  1 f o o t  pex day, (4) weed growth i n  t h e  pond i s  p reven ted ,  (5) 

mechanical  damage t o  t h e  s e a l  i s  p reven ted ,  and (6) wa te r  i s  main- 

t a i n e d  i n  t h e  pond c o n t i n u o u s l y .  The l o n g e v i t y  of t h e  a s p h a l t  s e a l  

i s  c u r r e n t l y  under i n v e s t i g a t i o n .  (WCL-38) 

A r a p i d  r e c o r d i n g ,  m u l t i p l e  t e n s i o m e t e r  sys tem has  been developed 

t h a t  w i l l  be ex t remely  u s e f u l  i n  s t u d y i n g  t h e  f low of wa te r  through 

u n s a t u r a t e d  s o i l .  The system, c o n s i s t i n g  o f  a  s m a l l  volume d i s p l a c e -  

ment t r a n s d u c e f  connected t o  a  number of t e n s i o m e t e r s  through a 

h y d r a u l i c  scann ing  v a l v e  h a s  performed s a t i s f a c t o r i l y  f o r  over  10 

months under f i e l d  c o n d i t i o n s .  A d i u r n a l  v a r i a t i o n  i n  t h e  p r e s s u r e  

head,  a s s o c i a t e d  w i t h  t h e  h i g h e r  r a t e  of wa te r  u p t a k e  by t h e  r o o t s  

d u r i n g  t h e  day t h a n  d q r i n g  t h e  n i g h t ,  shou ld  e n a b l e  t h e  e v a l u a t i o n  

of wa te r  u p t a k e  by r o o t s  on a n  h o u r l y  b a s i s .  (WCL-25) 
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SWC W7 gG-3 S u p p r e s s i o n  of  e v a p o r a t i o n  from w a t e r  s u r E a c e s .  

Evapora t ion  r e d u c t  i o n  by long-chain  a l k a n o l  d i s p e r s i o n s  developed 

a t  t h e  U .  S.  Water Conserva t ion  Labora to ry  was markedly s u p e r i o r  t o  

t h a t  o b t a i n e d  w i t h  powdered a l k a n o l .  T h i s  i s  c o n t r a r y  t o  o p i n i o n s  

e x p r e s s e d  by p r e v i o u s  i n v e s t i g a t o r s  who used i n f e r i o r  d i s p e r s i o n s .  

A p p l i c a t i o n  of  1.1 g m-2 d i s p e r s e d  a l k a n o l  p e r  month t o  ou tdoor  t a n k s  

reduced e v a p o r a t i o n  28%. The same a p p l i c a t i o n  r a t e  of powdered 

a l k a n o l  d i d  n o t  r e d u c e  e v a p o r a t i o n .  I n c r e a s i n g  a p p l i c a t i o n  of  powder 

by 5 t imes  reduced e v a p o r a t i o n  by o n l y  15%. (WCL-9) 

A f o r m u l a t i o n  h a s  been developed f o r  f l o a t i n g  c o n c r e t e  b locks  

t h a t  w i l l  r educe  e v a p o r a t i o n  from w a t e r  s u r t a c e s .  Durable  b locks  

w i t h  a  s p e c i f i c  g r a v i t y  o f  0.5 were o b t a i n e d  w i t h  a m i x t u r e  of P o r t l a n d  

cement, p e r l i t e  and a s p h a l t  emuls ion.  There  was no s i g n  of wa te r -  

l o g g i n g  a f t e r  6 months o f  f l o a t i n g .  Average e v a p o r a t i o n  r e d u c t i o n  

on ou tdoor  t a n k s  was 50% when 75% of  t h e  wa te r  s u r f a c e  was covered.  

(WCL-50) . 
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SWC W7 gG-4 P r i n c i p l e s ,  f a c i l i t i e s ,  and systems f o r  water  h a r v e s t ,  

Data from t h e  G r a n i t e  Reef e x p e r i m e n t a l  s i t e  i n d i c a t e  t h a t  hand 

c l e a r i n g  s c a t t e r e d  b r u s h  can s i g n i C i c a n t l y  i n c r e a s e  r u n o f t  from 

s i m i l a r  low r a i n f a l l ,  low d e s e r t  a r e a s .  Annual r a i n f a l l  a t  G r a n i t e  

Reef a v e r a g e s  a b o u t  225 mm. Brush c l e a r i n g ,  a t  a c o s t  of 1 c e n t  p e r  
2  

m , h a s  i n c r e a s e d  runof f  by a  t o t a l  o f  120 mrn d u r i n g  t h e  f o u r  y e a r s  

fo l lowing  t r e a t m e n t .  At  l e a s t  40 mm i n c r e a s e d  runof f  w i l l  be o b t a i n e d  

b e f o r e  r e c l e a r i n g  i s  n e c e s s a r y .  The r e s u l t a n t  c o s t  o f  t h e  water  i s  

6 c e n t s  p e r  1,000 l i t e r s ,  which compares v e r y  f a v o r a b l y  w i t h  any  

o t h e r  wa te r  h a r v e s t i n g  t r e a t m e n t  p r e s e n t l y  a v a i l a b l e .  Low c o s t  b rush  

c l e a r i n g ,  which does  n o t  i n t e r f e r e  w i t h  t h e  u s e  of t h e  land f o r  

g r a z i n g ,  shou ld  be s e r i o u s l y  cons idered  as a  w a t e r  h a r v e s t i n g  pro-  

cedure  i n  low d e s e r t  a r e a s  where a v e r a g e  a n n u a l  r a i n f a l l  exceeds 

200 m. 

Labora to ry  s t u d i e s  i n d i c a t e  t h a t  s e v e r a l  r e s i n  emuls ions  and 

s o l u t i o n s  a r e  promising low c o s t  s t a b i l i z e r s  f o r  c o n t r o l l i n g  s o i l  

e r o s i o n .  These r e s i n s  a r e  r a t e d  a s  h i g h l y  r e s i s t a n t  t o  wea ther ing  

d e g r a d a t i o n  and a r e  compat ib le  w i t h  wa te r  r e p e l l e n t  chemicals  f o r  

wa te r  h a r v e s t i n g .  One m a t e r i a l  comple te ly  s topped e r o s i o n  of a  h i g h l y  

e r o s i v e  loamy sand s o i l  by s i m u l a t e d  r a i n d r o p s  when a p p l i e d  a t  a  r a t e  
2  

o f  14 g  r e s i n  p e r  m . T h i s  r e p r e s e n t s  a  c o s t  o f  l e s s  t h a n  1 c e n t  

p e r  m2 o r  $40 p e r  a c r e .  The r e l a t i v e l y  s m a l l  q u a n t i t y  of m a t e r i a l  

r e q u i r e d  i m p l i e s  t h a t  a p p l i c a t i o n  by a i r s p r a y  may be f e a s i b l e .  (WCL-7) 
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SWC W7 gG-5 S o i l  w a t e r  movement i n  r e l a t i o n  t o  t h e  c o n s e r v a t i o n  of 

wa te r  s u p p l i e s .  

Measurement d e v i c e s  and s p e c i a l  e q u a t i o n s  have been developed 

t o  de te rmine  t h e  amount o f  ca lc ium i n  s o i l - w a t e r  s o l u t i o n s  t h a t  i s  

"active" o r  a v a i l a b l e  f o r  r e a c t i o n  w i t h  t h e  s o i l .  It h a s  been found 

t h a t  i n  a s a t u r a t e d  calc ium c a r b o n a t e  s o l u t i o n  o n l y  80% of t h e  calc ium 

i s  " a c t i v e "  w h i l e  20% i s  t i e d  up i n  i o n - p a i r s  w i t h  c a r b o n a t e  and b i -  

c a r b o n a t e  i o n s .  The amount o f  a c t i v e  calc ium i s  even l e s s  i f  o t h e r  

s a l t s ,  such a s  sodium c a r b o n a t e ,  a r e  p r e s e n t .  S o i l  s c i e n t i s t s  have 

p r e v i o u s l y  assumed t h a t  a l l  o f  t h e  calc ium was a c t i v e ,  w i t h  r e s u l t i n g  

e r r o r s  and c o n f u s i o n  i n  t h e i r  f i n d i n g s .  These new f i n d i n g s  w i l l  be 

o f  g r e a t  v a l u e  i n  s t u d i e s  of s o i l  a g g r e g a t i o n  and t h e  movement of 

wa te r  through s o i l  where t h e  s t a t u s  o f  ca lc ium i n  t h e  s o i l - w a t e r  

s o l u t i o n  i s  of paramount importance.  (WCL-40) 

S t u d i e s  have shown t h a t  t h e  optimum a p p l i c a t i o n  r a t e s  of wa te r -  

r e p e l l e n t  chemicals  on s o i l  s u r f a c e s  may be r e a d i l y  determined by 

measur ing t h e  p r e s s u r e  needed t o  i n i t i a t e  wa te r  f low through t h e s e  

porous bu t  w a t e r - r e p e l l e n t  sys tems.  T h i s  optimum r a t e  i s  n e a r l y  t h e  

same f o r  a l l  s o i l s  when expressed  a s  amount of m a t e r i a l  a p p l i e d  p e r  

u n i t  of s u r f a c e  a r e a  f o r  t h e  s o i l s .  A method f o r  measur ing t h e  

c o n t a c t  a n g l e  of water on t h e s e  t r e a t e d  s o i l s  was developed,  and 

r e s u l t s  u s i n g  t h i s  t e c h n i q u e  suppor t  t h e  f i n d i n g s  o b t a i n e d  by measur- 

i n g  b reak through  p r e s s u r e .  W a t e r - r e p e l l e n t  chemicals  have c o n s i d e r -  

a b l e  promise f o r  w a t e r  h a r v e s t i n g  and f o r  improving i r r i g a t i o n  e f -  

f i c i e n c y .  (WCL-49) 
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SWC W9 gG-6 F a c t o r s  governing e v a p o t r a n s p i r a t i o n  o f  water  from 

cropped s u r f a c e s .  

F i e l d  exper iments  have demonstra ted t h e  f e a s i b i l i t y  o f  u s i n g  l e a f  

t empera tu re  measurements a s  a gu ide  f o r  s c h e d u l i n g  i r r i g a t i o n  of c o t t o n  

p l a n t s .  I n  c l e a r  weather  t h e  t empera tu re  o f  f r e e l y  exposed l e a v e s  

ranged from 3 C below a i r  t empera tu re  s h o r t l y  a f t e r  i r r i g a t i o n  t o  3 C 

above a i r  t empera tu re  immediate ly  p r e c e d i n g  a n  i r r i g a t i o n  t h a t  had 

been de layed  s u ' f f i c i e n t l y  t o  induce moderate  symptoms of midday w i l t i n g .  

The r i s e  i n  l e a f  t empera tu re  can be used as a n  i n d i c a t i o n  o f  t h e  l e v e l  

of s o i l  water d e p l e t i o n  and t h e  need f o r  i r r i g a t i o n .  

Large f l u c t u a t i o n s  i n  c l e a r  sky  r a d i a n c e  p r e v i o u s l y  observed a t  

t h i s  l a b o r a t o r y  and r e p o r t e d  i n  t h e  l i t e r a t u r e  were demonstra ted t o  

have been due t o  i n s t r u m e n t  mal func t ion .  T y p i c a l  r e a l  f l u c t u a t i o n s  

were found t o  be s o  s m a l l  a s  t o  r e q u i r e  no c o r r e c t i o n s  i n  t h e  c a l c u l a -  

t i o n  o f  s u r f a c e  t empera tu res  o f  s o i l  and v e g e t a t i o n  by means oL i n -  

f r a r e d  thermometry. (WCL-29) 
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SWC W l O  gG-7 I r r i g a t i o n  systems f o r  e f f i c i e n t  wa te r  use .  

Highly  a c c u r a t e  wa te r  m e t e r i n g  flumes can  now be des igned t o  f i t  

a  wide range  o f  f low r a t e s  and channel  c o n d i t i o n s  w i t h  no requirement  

f o r  conformance t o  s t a n d a r d  s i z e s  o r  dependence on expens ive  modeling 

t e c h n i q u e s  t o  o b t a i n  c a l i b r a t i o n s .  T h i s  has  come about  through a  

r i g o r o u s  mathemat ica l  t r e a t m e n t  of energy concep t s  t h a t  p e r m i t s  t h e  

s u c c e s s f u l  t h e o r e t i c a l  p r e d i c t i o n  of t h e  c a l i b r a t i o n  curves  f o r  

c r i t i c a l - d e p t h  flumes w i t h  a n  a c c u r a c y  of + 2%. Although t h e  p r o -  

c e d u r e  i s  complex, i t  can be  r e a d i l y  accomplished w i t h  computers.  

(WCL-48) 
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